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CALIBRATION OF ELECTRICAL
PARAMETERS IN OPTICALLY
SWITCHABLE WINDOWS

CROSS REFERENCE TO RELATED
APPLICATIONS

This 1s a national stage application under 35 U.S.C. § 371

to International PCT Application No. PCT/US2017/028443
(designating the United States), entitled “Calibration of
Electrical Parameters 1 Optically Switchable Windows”,
filed Apr. 19, 2017 and claims benefit of U.S. Provisional
Patent Application No. 62/329,953, filed Apr. 29, 2016, and
titled “Calibration of Electrical Parameters i Optically
Switchable Windows the disclosures of which are incorpo-
rated herein by reference in their entireties and for all
purposes.” This application 1s also a continuation-in-part of

U.S. patent application Ser. No. 14/489,414, filed Sep. 17,

2014, and titled “Controlling Transitions 1n Optically Swit-
chable Devices,” which 1s a continuation-in-part of U.S.
patent application Ser. No. 13/309,990, filed Dec. 2, 2011,

and titled “Controlling Transitions in Optically Switchable
Devices,” which 1s a continuation of U.S. patent application
Ser. No. 13/049,623 (now U.S. Pat. No. 8,254,013), filed
Mar. 16, 2011, and titled “Controlling Transitions in Opti-
cally Switchable Devices,” each of which is herein incor-
porated by reference 1n its entirety and for all purposes. This
application 1s also a continuation-in-part of U.S. patent
application Ser. No. 14/900,037/, filed Dec. 18, 2015, which
1s a national phase application of PCT Patent Application
No. PCT/US14/43514, filed Jun. 20, 2014, and titled “Con-
trolling Transitions in Optically Switchable Devices,” which
1s a continuation-in-part of U.S. patent application Ser. No.
13/931,459, filed Jun. 28, 2013, and titled “Controlling
Transitions 1 Optically Switchable Devices,” each of which
1s herein incorporated by reference in 1ts entirety and for all
pUrposes.

BACKGROUND

Electrochromic (EC) devices are typically multilayer
stacks including (a) at least one layer of electrochromic
matenal, that changes 1ts optical properties in response to the
application of an electrical potential, (b) an 1on conductor
(IC) layer that allows 1ons, such as lithium 1ons, to move
through 1t, 1nto and out from the electrochromic material to
cause the optical property change, while preventing electri-
cal shorting, and (c) transparent conductor layers, such as
transparent conducting oxides or TCOs, over which an
clectrical potential 1s applied to the electrochromic layer. In
some cases, the electric potential 1s applied from opposing
edges of an electrochromic device and across the viewable
arca ol the device. The transparent conductor layers are
designed to have relatively high electronic conductances.
Electrochromic devices may have more than the above-
described layers such as 1on storage or counter electrode
layers that optionally change optical states.

Due to the physics of the device operation, proper func-
tion of the electrochromic device depends upon many fac-
tors such as 1on movement through the material layers, the
clectrical potential required to move the ions, the sheet
resistance of the transparent conductor layers, and other
tactors. The size of the electrochromic device plays an
important role 1n the transition of the device from a starting
optical state to an ending optical state (e.g., from tinted to
clear or clear to tinted). The conditions applied to drive such
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2

transitions can have quite different requirements for di
s1zed devices or diflerent operating conditions.

What are needed are improved methods for driving opti-
cal transitions in electrochromic devices.

Terent

SUMMARY

Various embodiments herein relate to methods for tran-
sitioning an optically switchable device using feedback
obtained during the transition to control the ongoing tran-
sition and/or calibrating the tint states of optically switch
devices using transier functions. Certain embodiments relate
to optically switchable devices having controllers with
instructions to transition the optically switchable device
using feedback obtained during the transition. Further, in
some embodiments, groups of optically switchable devices
are controlled together based on electrical feedback obtained
during the transition. The optically switchable devices can
be probed by applying certain electrical conditions (e.g.,
voltage pulses and/or current pulses) to the optically swit-
chable devices. An electrical response to the probing can be
used as feedback to control the ongoing transition.

In one aspect of the disclosed embodiments, a method of
controlling an optical transition of an optically switchable
device from a starting optical state to an ending optical state
1s provided, the method including: (a) applying a voltage or
current for driving the optically switchable device to tran-
sition from the starting optical state to the ending optical
state, where the applied voltage or current 1s applied to bus
bars of the optically switchable device; (b) before the
transition 1s complete, determiming an electrical character-
istic of the optically switchable device; and (c¢) using the
determined electrical characteristic as feedback to adjust the
applied voltage or current to further control the optically
switchable device transition.

In a number of embodiments, the optically switchable
device 1s an electrochromic (EC) window. Operation (¢) may
include substantially matching, during the transition, the tint
level of the EC window to the tint level of a second EC
window proximate the EC window. This allows more than
one window to be controlled to matching tint levels.

Different types of feedback may be used. In some embodi-
ments, the determined electrical characteristic includes an
open circuit voltage across two electrodes of the optically
switchable device. In these or other cases, the determined
clectrical characteristic may include a current flowing
between two electrodes of the optically switchable device. In
some e¢xamples, the determined electrical characteristic
includes at least one of a voltage and a current, where
operation (¢) includes adjusting an applied current or voltage
used to drive the transition based on the determined elec-
trical characteristic to ensure that the optically switchable
device 1s maintained within a safe operating current range
and/or within a safe operating voltage range during the
optical transition. The safe operating current range may have
a maximum magnitude between about 70-250 nA/cm?®. The
sale operating voltage range may have a maximum magni-
tude between about 3-9V.

In certain embodiments, the determined electrical char-
acteristic includes at least one of a voltage and a current, and
(¢) mncludes adjusting an applied current or voltage used to
drive the transition based on the determined electrical char-
acteristic to ensure that the optical transition 1s occurring at
a rate of transition that 1s at least as high as a target rate of
transition. In some cases, (¢) imncludes adjusting the applied
current or voltage based on the determined electrical char-
acteristic to ensure that the optical transition occurs within
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a target timeframe. In these or other cases, the determined
clectrical characteristic may include at least one of a voltage
and a current, and (¢) includes adjusting an applied current
or voltage used to drive the transition based on the deter-
mined electrical characteristic to determine whether the 5
optically switchable device 1s at or near the ending optical
state. Further, in some cases the determined electrical char-
acteristic includes a current that occurs in response to open
circuit voltage conditions applied to the optically switchable
device. 10

In some cases, the method further includes determining a
quantity of charge delivered to drive the optical transition,
and based on the determined quantity of charge delivered,
determining whether the optically switchable device 1s at or
near the ending optical state. The method may also 1include 15
receiving a command to transition the optically switchable
device to a third optical state after initiation of the optical
transition from the starting optical state to the ending optical
state, where the third optical state 1s diflerent from the
ending optical state, where (c¢) includes adjusting an applied 20
current or voltage used to drive the optical transition based
on the determined electrical characteristic to thereby drive
the optically switchable device to the third optical state.

In another aspect of the disclosed embodiments, a method
of maintaining substantially matching tint levels or tint rates 25
in a plurality of electrochromic (EC) windows 1s provided,
the method including: (a) probing the plurality of EC
windows to determine an electrical response for each win-
dow; (b) comparing the determined electrical responses for
the plurality of EC windows; and (c) scaling a voltage or 30
current applied to each of the plurality of EC windows to
thereby match the tint levels or tint rates 1 each of the
plurality of EC windows.

In a further aspect of the disclosed embodiments, a
method of transitioning a plurality of electrochromic (EC) 35
windows at substantially matching tint rates 1s provided, the
method including: (a) determiming a transition time over
which the plurality of EC windows are to be transitioned
from a starting optical state to an ending optical state, where
the transition time 1s based, at least i part, on a minimum 40
time over which a slowest transitioning window 1in the
plurality of EC windows transitions from the starting optical
state to the ending optical state; (b) applying one or more
drive conditions to each of the windows 1n the plurality of
windows, where the one or more drive conditions applied to 45
cach window are suilicient to cause each window to transi-
tion from the starting optical state to the ending optical state
substantially within the transition time.

In certain implementations, the method further includes:
while applying the one or more drive conditions, probing the 50
plurality of EC windows to determine an electrical response
for each window, measuring the electrical response for each
window, determining whether the electrical response for
cach window indicates that the window will reach the
ending optical state within the transition time, and 1if it 1s 55
determined that the window will reach the ending optical
state within the transition time, continuing to apply the
driving conditions to reach the ending optical state, and 11 1t
1s determined that the window will not reach the ending
optical state within the transition time, increasing a voltage 60
and/or current applied to the window to thereby cause the
window to reach the ending optical state within the transi-
tion time.

The method may further include when determiming
whether the electrical response for each window indicates 65
that the window will reach the ending state within the
transition time, 1f 1t 1s determined that the window will reach

4

the ending optical state substantially before the transition
time, decreasing a drive voltage and/or current applied to the
window to thereby cause the window to reach the ending
optical state at a time closer to the transition time than would
otherwise occur without decreasing the drive voltage and/or
current. The transition time may be based on a number of
factors. For instance, in some cases the transition time 1s
based, at least 1n part, on a size of a largest window 1n the
plurality of EC windows. This can help ensure that the
windows can all transition at the same rate.

The plurality of EC windows may be specifically defined
in some cases. For istance, the method may include defin-
ing the plurality of EC windows to be transitioned based on
one or more criteria selected from the group consisting of:
pre-defined zones of windows, instantaneously-defined
zones of windows, window properties, and user preferences.
A number of different sets of windows can be defined, and
the sets of windows can be re-defined on-the-fly 1n some
embodiments. For example, defimng the plurality of EC
windows to be transitioned may include determining a first
plurality of EC windows and determining a second plurality
of EC windows, where the transition time determined 1n (a)
1s a first transition time over which the first plurality of EC
windows are to be transitioned, and where the transition time
in (b) 1s the first transition time, and further including: (c)
alter beginning to apply the one or more drive conditions 1n
(b) and before the first plurality of EC windows reaches the
ending optical state, determining a second transition time
over which the second plurality of EC windows are to be
transitioned to a third optical state, where the third optical
state may be the starting optical state, the ending optical
state, or a different optical state, where the second transition
time 1s based, at least 1n part, on a mimmum time over which
a slowest transitioning window 1n the second plurality of EC
windows transitions to the third optical state, and (d) apply-
ing one or more drive conditions to each of the windows 1n
the second plurality of EC windows, where the one or more
drive conditions applied to each window are suflicient to
cause each window to transition to the third optical state
substantially within the second transition time. In some
embodiments, each window 1n the plurality of EC windows
includes a memory component including a specified transi-
tion time for that window, where (a) includes comparing the
specified transition time for each window 1n the plurality of
EC windows to thereby determine which window 1s the
slowest transitioning window in the plurality of ECA win-
dows.

In another aspect of the disclosed embodiments, a method
of calibrating a defined tint state of an electrochromic device
1s provided, the method including: (a) measuring the optical
density for a plurality of hold voltages ranging between clear
and tinted states; (b) determining a transfer function between
one or more optical device parameters and the measured
optical density of the device; (¢) calculating one or more
calibrated drive parameters using the transier function,
wherein the transfer function employs the use of one or more
optical device parameters; and (d) configuring window
control logic by substituting one or more predetermined
drive parameters with the calibrated drive parameters. In
some cases the transfer function determined 1n (b) can be
used or modified to provide calibrated drive parameters for
windows from which window parameters are measured.

In yet another aspect of the disclosed embodiments, a
method of calibrating an electrochromic window or other
optically switchable device 1s described that ensures the
ending tint state of the device matches the intended tint state
(sometimes referred to herein as a baseline tint state), thus
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reducing perceived differences 1n tint between adjacent
windows. In certain embodiments, the method includes the
following operations: (a) measuring one or more parameters
of the electrochromic device, wherein the one or more
measured parameters correlate with an unadjusted optical
density at the specified tint state; (b) applying the one or
more measured parameters to a transfer function to generate
an calibrated drive parameter for the electrochromic device,
wherein the transfer function was produced from a training,
set of electrochromic devices; (¢) configuring window con-
trol logic for controlling one or more optical transitions
and/or states 1n the electrochromic device, wherein in the
configuring comprises applying the calibrated drive param-
cter; and (d) applying the calibrated drive parameter to the
clectrochromic device to induce the adjusted optical density
at the specified tint state 1n the electrochromic device. In
certain implementations the parameters measured 1n (a) and
applied to the transfer function 1n (b) include optical param-
eters, electrical parameters, and environmental parameters.

These and other features will be described 1n further detail

below with reference to the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates current and voltage profiles during an
optical transition using a simple voltage control algorithm.

FIG. 2 depicts a family of charge (Q) vs. temperature (1)
curves for particular voltages.

FIGS. 3A and 3B show current and voltage profiles
resulting from a specific control method 1n accordance with
certain embodiments.

FIG. 3C shows a flow chart depicting control of current
during an 1nitial stage of an optical transition.

FIG. 4A schematically depicts a planar bus bar arrange-
ment according to certain embodiments.

FIG. 4B presents a simplified plot of the local voltage
value on each transparent conductive layer as a function of
position on the layer.

FI1G. 4C 1s a simplified plot ot V_ -as a function of position
across the device.

FIG. 5 1s a graph depicting certain voltage and current
profiles associated with driving an electrochromic device
from clear to tinted.

FIG. 6A 1s a graph depicting an optical transition 1n which
a drop 1n applied voltage from V , .. _to V, . results in a net
current flow establishing that the optical transition has
proceeded far enough to permit the applied voltage to
remain at V, ,,for the duration of the ending optical state.

FIG. 6B 1s a graph depicting an optical transition 1n which
an 1nitial drop 1n applied voltage from 'V , .. to V, .. results
in a net current flow indicating that the optical transition has
not yet proceeded far enough to permit the applied voltage
to remain atV, ., for the duration of the ending optical state.

FIGS. 7A-7D are flow charts 1llustrating various methods
for controlling an optical transition 1n an optically switch-
able device using electrical feedback.

FIGS. 8A and 8B show graphs depicting the total charge
delivered over time and the voltage applied over time during
an electrochromic transition when using the method of FIG.
7D to probe and monitor the progress of the transition.

FIG. 8C 1illustrates an electrochromic window having a
pair of voltage sensors on the transparent conductive oxide
layers according to an embodiment.

FIGS. 9A and 9B are flow charts depicting turther meth-
ods for controlling an optical transition 1 an optically
switchable device using electrical feedback.
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FIGS. 9C and 9D present flow charts for methods of
controlling multiple windows simultaneously to achieve

matching tint levels or tint rates.

FIG. 10 depicts a curtain wall having a number of
electrochromic windows.

FIG. 11 1s a schematic 1llustration of a controller that may
be used to control an optically switchable device according
to the methods described herein.

FIG. 12 depicts a cross-sectional view of an IGU accord-
ing to an embodiment.

FIG. 13 illustrates a window controller and associated
components.

FIG. 14 1s a schematic depiction of an electrochromic
device 1n cross-section.

FIG. 15 1s a schematic cross-section of an electrochromic
device 1n a clear state (or transitioning to a clear state).

FIG. 16 1s a schematic cross-section of an electrochromic
device 1n a tinted state (or transitioning to a tinted state).

FIG. 17 1s a schematic cross-section of an electrochromic
device 1n a tinted state, where the device has an interfacial
region that does not contain a distinct 10on conductor layer.

FIGS. 18 A and 18B provide a scatter plot, histograms, and
statistical summaries showing the eflect of using transfer
functions to reduce the optical density variance in an
example set of 19 electrochromic windows.

FIG. 19 1s a flow chart 1llustrating a method of calibrating
an electrochromic window.

DETAILED DESCRIPTION

Definitions

An “optically switchable device” 1s a thin device that
changes optical state 1n response to electrical mput. It
reversibly cycles between two or more optical states.
Switching between these states 1s controlled by applying
predefined current and/or voltage to the device. The device
typically includes two thin conductive sheets that straddle at
least one optically active layer. The electrical input driving
the change 1n optical state 1s applied to the thin conductive
sheets. In certain implementations, the input 1s provided by
bus bars 1n electrical communication with the conductive
sheets.

While the disclosure emphasizes electrochromic devices
as examples of optically switchable devices, the disclosure
1s not so limited. Examples of other types of optically
switchable device include certain electrophoretic devices,
liguid crystal devices, and the like. Optically switchable
devices may be provided on various optically switchable
products, such as optically switchable windows. However,
the embodiments disclosed herein are not limited to swit-
chable windows. Examples of other types of optically swit-
chable products include mirrors, displays, and the like. In the
context of this disclosure, these products are typically pro-
vided 1n a non-pixelated format.

An “optical transition” 1s a change 1n any one or more
optical properties of an optically switchable device. The
optical property that changes may be, for example, tint,
reflectivity, refractive index, color, etc. In certain embodi-
ments, the optical transition will have a defined starting
optical state and a defined ending optical state. For example
the starting optical state may be 80% transmissivity and the
ending optical state may be 50% transmissivity. The optical
transition 1s typically driven by applying an appropnate
clectric potential across the two thin conductive sheets of the
optically switchable device.

A “starting optical state” 1s the optical state of an optically
switchable device immediately prior to the beginning of an
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optical transition. The starting optical state 1s typically
defined as the magnitude of an optical state which may be
tint, reflectivity, refractive index, color, etc. The starting
optical state may be a maximum or minimum optical state
for the optically switchable device; e.g., 90% or 4% trans-
missivity 1n some cases. In certain cases a minimum trans-
missivity may be about 2% or lower, for example about 1%
or lower. Alternatively, the starting optical state may be an
intermediate optical state having a value somewhere
between the maximum and minimum optical states for the
optically switchable device; e.g., 50% transmissivity.

An “ending optical state” 1s the optical state of an opti-
cally switchable device immediately after the complete
optical transition from a starting optical state. The complete
transition occurs when optical state changes in a manner
understood to be complete for a particular application. For
example, a complete tinting might be deemed a transition
from 75% optical transmissivity to 10% transmissivity. The
ending optical state may be a maximum or mimimum optical
state for the optically switchable device; e.g., 90% or 4%
transmissivity. In certain cases a minimum transmissivity
may be about 2% or lower, for example about 1% or lower.
Alternatively, the ending optical state may be an interme-
diate optical state having a value somewhere between the
maximum and minimum optical states for the optically
switchable device; e.g., 50% transmissivity.

“Bus bar” refers to an electrically conductive strip
attached to a conductive layer such as a transparent conduc-
tive electrode spanning the area of an optically switchable
device. The bus bar delivers electrical potential and current
from an external lead to the conductive layer. An optically
switchable device includes two or more bus bars, each
connected to a single conductive layer of the device. In
various embodiments, a bus bar forms a long thin line that
spans most of the length of the length or width of a device.
Often, a bus bar 1s located near the edge of the device.

“Applied Voltage” or V_,  refers the ditference in poten-
tial applied to two bus bars of opposite polarity on the
clectrochromic device. Each bus bar 1s electronically con-
nected to a separate transparent conductive layer. The
applied voltage may have diflerent magnitudes or functions
such as driving an optical transition or holding an optical
state. Between the transparent conductive layers are sand-
wiched the optically switchable device materials such as
clectrochromic matenals. Each of the transparent conductive
layers experiences a potential drop between the position
where a bus bar 1s connected to i1t and a location remote from
the bus bar. Generally, the greater the distance from the bus
bar, the greater the potential drop 1n a transparent conducting,
layer. The local potential of the transparent conductive
layers 1s often referred to herein as the V ,~,. Bus bars of
opposite polarity may be laterally separated from one
another across the face of an optically switchable device.

“Effective Voltage” or V. refers to the potential between
the positive and negative transparent conducting layers at
any particular location on the optically switchable device. In
Cartesian space, the eflective voltage 1s defined for a par-
ticular X,y coordinate on the device. At the point where V_
1s measured, the two transparent conducting layers are
separated 1n the z-direction (by the device materials), but
share the same X,y coordinate.

“Hold Voltage” refers to the applied voltage necessary to
indefinitely maintain the device 1n an ending optical state. In
some cases, without application of a hold voltage, electro-
chromic windows return to their natural tint state. In other
words, maintenance of a desired tint state requires applica-
tion of a hold voltage.
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“Drive Voltage™” refers to the applied voltage provided
during at least a portion of the optical transition. The drive

N -

voltage may be viewed as “driving” at least a portion of the
optical transition. Its magnitude 1s different from that of the
applied voltage immediately prior to the start of the optical
transition. In certain embodiments, the magnitude of the
drive voltage i1s greater than the magnitude of the hold
voltage. An example application of drive and hold voltages
1s depicted in FIG. 3.

Introduction and Overview

A switchable optical device such as an electrochromic
device reversibly cycles between two or more optical states
such as a clear state and a tinted state. Switching between
these states 1s controlled by applying predefined current
and/or voltage to the device. The device controller typically
includes a low voltage electrical source and may be config-
ured to operate in conjunction with radiant and other envi-
ronmental sensors, although these are not required 1n various
embodiments. The controller may also be configured to
interface with an energy management system, such as a
computer system that controls the electrochromic device
according to factors such as the time of year, time of day,
security conditions, and measured environmental condi-
tions. Such an energy management system can dramatically
lower the energy consumption of a building.

In various embodiments herein, an optical transition 1s
influenced through feedback that 1s generated and utilized
during the optical transition. The feedback may be based on
a variety of non-optical properties, for example electrical
properties. In particular examples the feedback may be a
current and/or voltage response of an EC device based on
particular conditions applied to the device. The feedback
may be used to determine or control the tint level in the
device, or to prevent damage to the device. In many cases,
teedback that 1s generated/obtained during the optical tran-
sition 1s used to adjust the electrical parameters driving the
transition. The disclosed embodiments provide a number of
ways that such feedback may be used.

FIG. 1 shows a current profile for an electrochromic
window employing a simple voltage control algorithm to
cause an optical state transition (e.g., tinting) of an electro-
chromic device. In the graph, 1onic current density (I) 1s
represented as a function of time. Many different types of
clectrochromic devices will have the depicted current pro-
file. In one example, a cathodic electrochromic material such
as tungsten oxide 1s used in conjunction with a nickel
tungsten oxide counter electrode. In such devices, negative
currents indicate tinting of the device. The specific depicted
profile results by ramping up the voltage to a set level and
then holding the voltage to maintain the optical state.

The current peaks 101 are associated with changes 1n
optical state, 1.e., tinting and clearing. Specifically, the
current peaks represent delivery of the charge needed to tint
or clear the device. Mathematically, the shaded area under
the peak represents the total charge required to tint or clear
the device. The portions of the curve after the initial current
spikes (portions 103) represent leakage current while the
device 1s 1n the new optical state.

In FIG. 1, a voltage profile 105 1s superimposed on the
current curve. The voltage profile follows the sequence:
negative ramp (107), negative hold (109), positive ramp
(111), and positive hold (113). Note that the voltage remains
constant after reaching 1ts maximum magnitude and during
the length of time that the device remains in 1ts defined
optical state. Voltage ramp 107 drives the device to its new
tinted state and voltage hold 109 maintains the device 1n the
tinted state until voltage ramp 111 1n the opposite direction
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drives the transition from tinted to clear states. In some
switching algorithms, a current cap 1s imposed. That 1s, the
current 1s not permitted to exceed a defined level 1n order to
prevent damaging the device.

The speed of tinting 1s a function of not only the applied
voltage, but also the temperature and the voltage ramping
rate. Since both voltage and temperature aflect lithium
diffusion, the amount of charge passed (and hence the
intensity of this current peak) increases with voltage and
temperature as indicated 1in FIG. 2. Additionally by defini-
tion the voltage and temperature are interdependent, which
implies that a lower voltage can be used at higher tempera-
tures to attain the same switching speed as a higher voltage
at lower temperatures. This temperature response may be
employed 1 a voltage based switching algorithm but
requires active monitoring of temperature to vary the applied
voltage. The temperature 1s used to determine which voltage
to apply 1n order to eflect rapid switching without damaging
the device.

As noted above, various embodiments herein utilize some
form of feedback to actively control a transition in an
optically switchable device. In many cases the feedback 1is
based on non-optical characteristics. Electrical characteris-
tics are particularly usetul, for example voltage and current
responses of the optically switchable device when certain
electrical conditions are applied. A number of different uses
for the feedback are provided below.

Controlling a Transition Using Electrical Feedback to
Ensure Safe Operating Conditions

In some embodiments, electrical feedback i1s used to
ensure that the optically switchable device 1s maintained
within a sate window of operating conditions. If the current
or voltage supplied to a device 1s too great, it can cause
damage to the device. The feedback methods presented 1n
this section may be referred to as damage prevention feed-
back methods. In some embodiments, the damage preven-
tion feedback may be the only feedback used. Alternatively,
the damage prevention feedback methods may be combined
with other feedback methods described heren. In other
embodiments, the damage prevention feedback 1s not used,
but a different type of feedback described below 1s used.

FIG. 2 shows a family of Q versus T (charge versus
temperature) curves for particular voltages. More specifi-
cally the figure shows the eflect of temperature on how much
charge 1s passed to an electrochromic device electrode after
a 1ixed period of time has elapsed while a fixed voltage 1s
applied. As the voltage increases, the amount of charge
passed 1ncreases for a given temperature. Thus, for a desired
amount of charge to be passed, any voltage 1n a range of
voltages might then be appropriate as shown by horizontal
line 207 1n FIG. 2. And 1t 1s clear that simply controlling the
voltage will not guarantee that the change 1n optical state
occurs within a predefined period of time. The device
temperature strongly influences the current at a particular
voltage. Of course, 1f the temperature of the device 1s
known, then the applied voltage can be chosen to drive the
tinting change during the desired period of time. However,
in some cases 1t 1s not possible to reliably determine the
temperature of the electrochromic device. While the device
controller typically knows how much charge 1s required to
switch the device, 1t might not know the temperature.

If too high of a voltage or current 1s applied for the
clectrochromic device’s temperature, then the device may be
damaged or degraded. On the other hand, 1f too low of a
voltage or current 1s applied for the temperature, then the
device will switch too slowly. Thus 1t would be desirable to
have a controlled current and/or voltage early 1n the optical
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transition. With this 1n mind, in one embodiment the charge
(by way of current) 1s controlled without being constrained
to a particular voltage.

Some control procedures described herein may be imple-
mented by imposing the following constraints on the device
during an optical transition: (1) a defined amount of charge
1s passed between the device electrodes to cause a full
optical transition; (2) this charge 1s passed within a defined
time frame; (3) the current does not exceed a maximum
current; and (4) the voltage does not exceed a maximum
voltage.

In accordance with wvarious embodiments described
herein, an electrochromic device 1s switched using a single
algorithm 1rrespective of temperature. In one example, a
control algorithm involves (1) controlling current 1instead of
voltage during an 1nitial switching period where 10onic cur-
rent 1s significantly greater than the leakage current and (11)
during this 1nitial period, employing a current-time correla-
tion such that the device switches fast enough at low
temperatures while not damaging the part at higher tem-
peratures.

Thus, during the transition from one optical state to
another, a controller and an associated control algorithm
controls the current to the device 1n a manner ensuring that
the switching speed 1s suthiciently fast and that the current
does not exceed a value that would damage the device.
Further, 1n various embodiments, the controller and control
algorithm eflects switching 1n two stages: a first stage that
controls current until reaching a defined point prior to
completion of the switching, and a second stage, after the
first stage, that controls the voltage applied to the device.

Various embodiments described herein may be generally
characterized by the following three regime methodology.

1. Control the current to maintain 1t within a bounded
range of currents. This may be done only for a short period
of time during 1nitiation of the change 1n optical state. It 1s
intended to protect the device from damage due to high
current conditions while ensuring that suflicient current is
applied to permait rapid change 1n optical state. Generally, the
voltage during this phase stays within a maximum saife
voltage for the device. In some embodiments employing
residential or architectural glass, this mitial controlled cur-
rent phase will last about 3-4 minutes. During this phase, the
current profile may be relatively flat, not varying by more
than, for example, about 10%.

2. After the iitial controlled current stage 1s complete,
there 1s a transition to a controlled voltage stage where the
voltage 1s held at a substantially fixed value until the optical
transition 1s complete, 1.e., until suflicient charge 1s passed to
complete the optical transition. In some cases, the transition
from stages 1 to 2 (controlled current to controlled voltage)
1s triggered by reaching a defined time from 1nitiation of the
switching operation. In alternative embodiments, however,
the transition 1s accompanied by reaching a predefined
voltage, a predefined amount of charge passed, or some
other criterion. During the controlled voltage stage, the
voltage may be held at a level that does not vary by more
than about 0.2 V.

3. After the second stage 1s completed, typically when the
optical transition 1s complete, the voltage 1s dropped 1n order
to minimize (account for) leakage current while maintaining,
the new optical state. That 1s, a small voltage, sometimes
referred to as a “hold voltage™ 1s applied to compensate for
a leakage current across the ion conductor layer. In some
embodiments, the leakage current of the EC device can be
quite low, e.g. on the order of <1 pA/cm?, so the hold voltage
1s also small. The hold voltage need only compensate for the
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leakage current that would otherwise untint the device due
to concomitant 1on transier across the IC layer. The transi-
tion to this third stage may be triggered by, e.g., reaching a
defined time from the mitiation of the switching operation.
In other example, the transition 1s triggered by passing a
predefined amount of charge.

FIGS. 3A and 3B show current and voltage profiles
resulting for a specific control method in accordance with
certain embodiments. FIG. 3C provides an associated tlow
chart for an mitial portion (the controlled current portion) of
the control sequence. For purposes of discussion, the nega-
tive current shown 1n these figures, as 1 FIG. 1, 1s assumed
to drive the clear to tinted transition. Of course, the example
could apply equally to devices that operate 1n reverse, 1.e.,
devices employing anodic electrochromic electrodes.

In a specific example, the following procedure 1s fol-
lowed:

1. At time O (t,)—Ramp the voltage at a rate intended to

correspond to a current level “I target” 301. See block 351
of FIG. 3C. See also a voltage ramp 303 in FIG. 3A. I target

may be set a priori for the device in question—independent
of temperature. As mentioned, the control method described
in this section may be beneficially implemented without
knowing or inferring the device’s temperature. In alternative
embodiments, the temperature 1s detected and considered 1n
setting the current level. In some cases, temperature may be
inferred from the current-voltage response of the window.

In some examples, the ramp rate 1s between about 10 uV/s
and 100V/s. In more specific examples, the ramp rate is
between about 1 mV/s and 500 mV/s.

2. Immediately after to, typically within a few millisec-
onds, the controller determines the current level resulting
from application of voltage 1n operation 1. The resulting
current level may be used as feedback in controlling the
optical transition. In particular, the resulting current level
may be compared against a range ol acceptable currents
bounded by I slow at the lower end and I safe at the upper
end. I safe 1s the current level above which the device can
become damaged or degraded. I slow 1s the current level
below which the device will switch at an unacceptably slow
rate. As an example, I target 1n an electrochromic window
may be between about 30 and 70 nA/cm”. Further, typical
examples of I slow range between about 1 and 30 uA/cm”
and examples of I safe range between about 70 and 250
nLA/cm”.

The voltage ramp 1s set, and adjusted as necessary, to
control the current and typically produces a relatively con-
sistent current level in the initial phase of the control
sequence. This 1s 1llustrated by the flat current profile 301 as
shown 1n FIGS. 3A and 3B, which 1s bracketed between
levels 1 sate 307 and I slow 309.

3. Depending upon the results of the comparison in step
2, the control method employs one of the operations (a)-(c)
below. Note that the controller not only checks the current
level immediately after to, but it frequently checks the
current level thereafter and makes adjustments as described
here and as shown 1n FIG. 3C.

(a) Where the measured current 1s between I slow and 1
sate—Continue to apply a voltage that maintains the current
between 1 slow and I safe. See the loop defined by blocks
353, 355, 359, 369, and 351 of FIG. 3C.

(b) Where the measured current 1s below I slow (typically
because the device temperature 1s low)—continue to ramp
the applied voltage 1n order to bring the current above I slow
but below 1 safe. See the loop of block 353 and 351 of FIG.

3C. If the current level 1s too low, 1t may be approprate to
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increase the rate of increase of the voltage (1.e., increase the
steepness of the voltage ramp).

As 1ndicated, the controller typically actively monitors
current and voltage to ensure that the applied current
remains above I slow. This feedback helps ensure that the
device remains within a sale operating window. In one
example, the controller checks the current and/or voltage
every few milliseconds. It may adjust the voltage on the
same time scale. The controller may also ensure that the new
increased level of applied voltage remains below V sate. V
safe 15 the maximum applied voltage magnitude, beyond
which the device may become damaged or degraded.

(¢) Where the measured current 1s above I safe (typically
because the device 1s operating at a high
temperature)—decrease voltage (or rate of increase in the
voltage) 1n order to bring the current below I safe but above
I slow. See block 355 and 357 of FIG. 3C. As mentioned, the
controller may actively monitor current and voltage. As
such, the controller can quickly adjust the applied voltage to
ensure that the current remains below I safe during the entire
controlled current phase of the transition. Thus, the current
should not exceed I safe.

As should be apparent, the voltage ramp 303 may be
adjusted or even stopped temporarily as necessary to main-
tain the current between I slow and I safe. For example, the
voltage ramp may be stopped, reversed 1n direction, slowed
in rate, or increased in rate while in the controlled current
regime.

In other embodiments, the controller increases and/or
decreases current, rather than voltage, as desired. Hence the
above discussion should not be viewed as limiting to the
option of ramping or otherwise controlling voltage to main-
tain current 1n the desired range. Whether voltage or current
1s controlled by the hardware (potentiostatic or galvanostatic
control), the algorithm attains the desired result.

4. Maintain current 1n the target range, between I slow and
I safe until a specified criterion 1s met. In one example, the
criterion 1s passing current for a defined length of time, t,,
at which time the device reaches a defined voltage V. Upon
achieving this condition, the controller transitions from
controlled current to controlled voltage. See blocks 359 and
361 of FIG. 3C. Note that V, 1s a function of temperature,
but as mentioned temperature need not be monitored or even
detected 1n accordance with various embodiments.

In certain embodiments t, 1s about 1 to 30 minutes, and 1n
some specific examples t; 1s about 2 to 5 minutes. Further,
in some cases the magnitude of V, 1s about 1 to 7 volts, and
more specifically about 2.5 to 4 volts.

As mentioned the controller continues in the controlled
current phase until a specified condition 1s met such as the
passing of a defined period of time. In this example, a timer
1s used to trigger the transition. In other examples, the
specified condition 1s reaching a defined voltage (e.g., a
maximum safe voltage) or passing of a defined amount of
charge.

Operations 1-4 correspond to regime 1 in the above
general algorithm——controlled current. The goal during this
phase 1s to prevent the current from exceeding a safe level
while ensuring a reasonably rapid switching speed. It 1s
possible that during this regime, the controller could supply
a voltage exceeding the maximum safe voltage for the
electrochromic device. In certain embodiments, this concern
1s eliminated by employing a control algorithm 1n which the
maximum sale value 1s much greater than V, across the
operational temperature range. In some examples, 1 target
and t, are chosen such that V, 1s well below the maximum
voltage at lower temperatures while not degrading the
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window due to excessive current at higher temperatures. In
some embodiments, the controller includes a safety feature
that will alarm the window before the maximum safe voltage
1s reached. In a typical example, the value of the maximum
sale voltage for an electrochromic window 1s between about
S and 9 volts.

5. Maintain the voltage at a defined level V, until another
specified condition 1s met such as reaching a time t,. See
voltage segment 313 i FIG. 3A. Typically the time t, or
other specified condition 1s chosen such that a desired
amount charge 1s passed suflicient to cause the desired
change 1n optical state. In one example, the specified con-
dition 1s passage of a pre-specified amount of charge. During
this phase, the current may gradually decrease as illustrated
by current profile segment 315 mn FIGS. 3A and 3B. In a
specific embodiment, V,=V,, as 1s shown 1n FIG. 3A.

This operation 5 corresponds to the regime 2 above—
controlled voltage. A goal during this phase 1s to maintain
the voltage at V, for a suflicient length to ensure a desired
tinting speed.

In certain embodiments t, 1s about 2 to 30 minutes, and in
some specific examples t, 1s about 3 to 10 minutes. Further,
in some cases V, 1s about 1 to 7 volts, and more specifically
about 2.5 to 4 volts.

6. After the condition of step 5 i1s reached (e.g., after
suilicient charge has passed or a timer indicates t, has been
reached), the voltage 1s dropped from V, to a level V.. This
reduces leakage current during while the tinted state 1s held.
In a specific embodiment, the transition time t, 1s predeter-
mined and chosen based on the time required for the center
of the part, which 1s the slowest to tint, to reach a certain
percent transmissivity. In some embodiments, the t, 1s
between about 4 and 6 minutes. This operation 6 corre-
sponds to regime 3 above.

Table 1 presents a specific example of the algorithm
described above.

TABLE 1
Variable Fixed Con- End
Time  Current Voltage parameter parameter straints Condition
0 0 0 None
tOtotl II0=1 VOto VO, V1 t1, I [ slow < t>tl
target Vi target 10 <]
safe
tltot2 Iltol2 V2= 12 t2, V2 None t > 12
V1
t2tot3 I2to 13 V3 I3 V3 None State
change
request

Definition of Parameters:

[I0—targeted current value between I slow and 1 safe

V0—voltage corresponding to current 10

TO—time at which current=I0.

I1—current at time t1. 11=I0

V1—voltage at time tl. Voltage ramps from VO to V1
between t0 and tl and 1s a function of temperature.

t1—time for which current 1s maintained between I slow
and I safe (e.g., about 3-4 minutes)

[2——current at time t2. Current decays from I1 to 12 when
voltage 1s maintained at V1.

V2—voltage at time t2. VI=V2.

t2—time t1ll which voltage V1 1s maintained. May be
between about 4 to 6 min from

tl. After 12 the voltage 1s dropped from V2 to V3

V3—hold voltage between t2 and 3.

[3——current corresponding to voltage V3.

t3—time at which state change request 1s received.
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Controlling a Transition Using Electrical Feedback to Deter-
mine the End Point of a Transition

Embodiments described in this regard relate to the use of
clectrical feedback 1n determining the end point of a tran-
sition. In other words, feedback 1s used to determine when
an optical transition 1s complete or nearly complete. These
teedback methods may be used alone or 1n combination with
other feedback methods described herein.

Certain disclosed embodiments make use of electrical

probing and monitoring to determine when an optical tran-
sition between a first optical state and a second optical state
of an optically switchable device has proceeded to a sutli-
cient extent that the application of a drive voltage can be
terminated. For example, electrical probing allows for appli-
cation of drive voltages for less time than previously thought
possible, as a particular device 1s driven based on electrical
probing of 1ts actual optical transition progression in real
time. Further, real time monitoring can help ensure that an
optical transition progresses to a desired state. In various
embodiments, terminating the drive voltage 1s accomplished
by dropping the applied voltage to a hold voltage. This
approach takes advantage of an aspect of optical transitions
that 1s typically considered undesirable—the propensity of
thin optically switchable devices to transition between opti-
cal states non-uniformly. In particular, many optically swit-
chable devices mitially transition at locations close to the
bus bars and only later at regions far from the bus bars (e.g.,
near the center of the device). Surprisingly, this non-unifor-
mity can be harnessed to probe the optical transition. By
allowing the transition to be probed 1n the manner described
herein, optically switchable devices avoid the need for
custom characterization and associated preprogramming of
device control algorithms specifying the length of time a
drive voltage 1s applied as well as obviating “one size {its
all” fixed time period drive parameters that account for
variations 1n temperature, device structure variability, and
the like across many devices. Before describing probing and
monitoring techmques in more detail, some context on
optical transitions in electrochromic devices will be pro-
vided.

Driving a transition 1n a typical electrochromic device 1s
accomplished by applying a defined voltage to two separated
bus bars on the device. In such a device, 1t 1s convenient to
position bus bars perpendicular to the smaller dimension of
a rectangular window (see FIG. 4A). This 1s because the
transparent conducting layers used to deliver an applied
voltage over the face of the thin film device have an
associated sheet resistance, and the bus bar arrangement
allows for the shortest span over which current must travel
to cover the entire area of the device, thus lowering the time
it takes for the conductor layers to be fully charged across
their respective areas, and thus lowering the time to transi-
tion the device.

While an applied voltage, V. 1s supplied across the bus
bars, essentially all areas of the device see a lower local

[

eflective voltage (V_gz) due to the sheet resistance of the
transparent conducting layers and the current draw of the
device. The center of the device (the position midway
between the two bus bars) frequently has the lowest value of
V. This may result mn an unacceptably small optical
switching range and/or an unacceptably slow switching time
in the center of the device. These problems may not exist at
the edges of the device, nearer the bus bars. This 1s explained
in more detail below with reference to FIGS. 4B and 4C.

FIG. 4A shows a top-down view of an electrochromic lite

400 including bus bars having a planar configuration. Elec-
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trochromic lite 400 includes a first bus bar 405 disposed on
a first conductive layer 410 and a second bus bar 415
disposed on a second conductive layer, 420. An electrochro-
mic stack (not shown) 1s sandwiched between first conduc-
tive layer 410 and second conductive layer 420. As shown,
first bus bar 405 may extend substantially across one side of
first conductive layer 410. Second bus bar 415 may extend
substantially across one side of second conductive layer 420
opposite the side of electrochromic lite 400 on which first
bus bar 405 1s disposed. Some devices may have extra bus
bars, e.g., on all four edges, but this complicates fabrication.
A further discussion of bus bar configurations, including
planar configured bus bars, 1s found in U.S. patent applica-
tion Ser. No. 13/452,032 filed Apr. 20, 2012, which 1s
incorporated herein by reference 1n its entirety.

FIG. 4B 1s a graph showing a plot of the local voltage in
first transparent conductive layer 410 and the voltage 1n
second transparent conductive layer 420 that drives the
transition of electrochromic lite 400 from a clear state to a
tinted state, for example. Plot 425 shows the local values of
the voltage V -, 1n first transparent conductive layer 410. As
shown, the voltage drops from the left hand side (e.g., where
first bus bar 405 1s disposed on first conductive layer 410 and
where the voltage 1s applied) to the right hand side of first
conductive layer 410 due to the sheet resistance and current
passing through first conductive layer 410. Plot 430 also
shows the local voltage VTCL in second conductive layer
420. As shown, the voltage increases (decreases 1n magni-
tude) from the right hand side (e.g., where second bus bar
415 1s disposed on second conductive layer 420 and where
the voltage 1s applied) to the left hand side of second
conductive layer 420 due to the sheet resistance of second
conductive layer 420. The value of the applied voltage, V.
in this example 1s the difference in voltage between the right
end of potential plot 430 and the left end of potential plot
425. The value of the eftective voltage, V. at any location
between the bus bars 1s the difference 1n values of curves 430
and 425 at the position on the x-axis corresponding to the
location of interest.

FIG. 4C 1s a graph showing a plot of V. across the
clectrochromic device between first and second conductive
layers 410 and 420 of electrochromic lite 400. As explained,
the effective voltage 1s the local voltage difference between
the first conductive layer 410 and the second conductive
layer 420. Regions of an electrochromic device subjected to
higher eflective voltages transition between optical states
taster than regions subjected to lower eflective voltages. As
shown, the eflective voltage 1s the lowest at the center of
clectrochromic lite 400 and highest at the edges of electro-
chromic lite 400. The voltage drop across the device 1s due
to ohmic losses as current passes through the device. The
voltage drop across large electrochromic windows can be
alleviated by configuring additional bus bars within the
viewing arca ol the window, 1n effect dividing one large
optical window 1nto multiple smaller electrochromic win-
dows which can be driven 1n series or parallel. However, this
approach may not be aesthetically appealing due to the
contrast between the viewable area and the bus bar(s) in the
viewable area. That 1s, 1t may be much more pleasing to the
eye to have a monolithic electrochromic device without any
distracting bus bars in the viewable area.

As described above, as the window size increases, the
clectronic resistance to current flowing across the thin face
of the TC layers also increases. This resistance may be
measured between the points closest to the bus bar (referred
to as edge of the device 1 following description) and 1n the
points furthest away from the bus bars (referred to as the
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center of the device 1n following description). When current
passes through a TCL, the voltage drops across the TCL face
and this reduces the eflective voltage at the center of the
device. This ellect 1s exacerbated by the fact that typically as
window area increases, the leakage current density for the
window stays constant but the total leakage current increases
due to the increased area. Thus with both of these eflects the
cllective voltage at the center of the electrochromic window
talls substantially, and poor performance may be observed
for electrochromic windows which are larger than, for
example, about 30 inches across. This 1ssue can be addressed
by using a higher V_, such that the center of the device
reaches

a suitable effective voltage.

Typically the range of safe operation for solid state
electrochromic devices 1s between about 0.5V and 4V, or
more typically between about 0.8V and about 3V, e.g.
between 0.9V and 1.8V. These are local values 0t V_. In one
embodiment, an electrochromic device controller or control
algorithm provides a driving profile where V. 1s always
below 3V, 1in another embodiment, the controller controls
V480 that 1t 1s always below 2.5V, 1in another embodiment,
the controller controls V. so that 1t 1s always below 1.3V.
The recited voltage values refer to the time averaged voltage
(where the averaging time 1s of the order of time required for
small optical response, e.g., few seconds to few minutes).

An added complexity of electrochromic windows 1s that
the current drawn through the window 1s not fixed over the
duration of the optical transition. Instead, during the maitial
part of the transition, the current through the device 1s
substantially larger (up to 100x larger) than 1n the end state
when the optical transition 1s complete or nearly complete.
The problem of poor tinting 1n center of the device 1s further
exacerbated during this initial transition period, as the value
V4 at the center 1s significantly lower than what it will be
at the end of the transition period.

In the case of an electrochromic device with a planar bus
bar, it can be shown that the V_across a device with planar
bus bars 1s generally given by:

AV(0)=V,,~RJL"/2

AV(L)=V,,,~RJIL?/2

AV(L/2)=V,,,~3RJIL/4 Equation 1
where:
V .., 18 the voltage difference applied to the bus bars to drive

the electrochromic window;

AV(0) 1s V_gat the bus bar connected to the first transparent
conducting layer (1in the example below, TEC type TCO);
AV(L) 1s V . at the bus bar connected to the second trans-
parent conducting layer (1in the example below, ITO type
TCO);

AV(L/2) 1s V . at the center of the device, midway between
the two planar bus bars;

R=transparent conducting layer sheet resistance;
J=instantaneous average current density; and

[L=distance between the bus bars of the electrochromic
device.

The transparent conducting layers are assumed to have
substantially similar, if not the same, sheet resistance for the
calculation. However those of ordinary skill in the art will
appreciate that the applicable physics of the ohmic voltage
drop and local eflective voltage still apply even 1t the
transparent conducting layers have dissimilar sheet resis-
tances.

As noted, certain embodiments pertain to controllers and
control algorithms for driving optical transitions 1n devices
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having planar bus bars. In such devices, substantially linear
bus bars of opposite polarity are disposed at opposite sides
of a rectangular or other polygonally shaped electrochromic
device, as shown 1n FIG. 4a, for instance. In some embodi-
ments, devices with non-planar bus bars may be employed.
Such devices may employ, for example, angled bus bars
disposed at vertices of the device. In such devices, the bus
bar eflective separation distance, L, 1s determined based on
the geometry of the device and bus bars. A discussion of bus
bar geometries and separation distances may be found in
U.S. patent application Ser. No. 13/452,032, entitled
“Angled Bus Bar”, and filed Apr. 20, 2012, which 1s incor-
porated herein by reference 1n 1ts entirety.

As R, J or L mncrease, V . across the device decreases,
thereby slowing or reducing the device tinting during tran-
sition and even in the final optical state. Referring to
Equation 1, the V_. across the window 1s at least RJL?/2
lower than V. It has been found that as the resistive
voltage drop increases (due to increase in the window size,
current draw etc.) some of the loss can be negated by
increasing vV but doing so only to a value that keeps V-
at the edges of the device below the threshold where
reliability degradation would occur.

In summary, 1t has been recognized that both transparent
conducting layers experience ohmic drop, and that drop
increases with distance from the associated bus bar, and
therefore V -, decreases with distance from the bus bar for
both transparent conductive layers. As a consequence V
decreases 1n locations removed from both bus bars.

FIG. 5 1illustrates a voltage control profile in accordance
with certain embodiments. In the depicted embodiment, a
voltage control profile 1s employed to drive the transition
from a clear state to a tinted state (or to an intermediate
state). To drnive an electrochromic device in the reverse
direction, from a tinted state to a clear state (or from a more
tinted to less tinted state), a similar but iverted profile 1s
used. In some embodiments, the voltage control profile for
going from tinted to clear 1s a mirror 1mage of the one
depicted 1n FIG. 5.

The voltage values depicted in FIG. 5 represent the
applied voltage (V) values. The applied voltage profile 1s
shown by the dashed line. For contrast, the current density
in the device 1s shown by the solid line. In the depicted
profile, V__ includes four components: a ramp to drive
component 503, which initiates the transition, a 'V .. com-
ponent 513, which continues to drive the transition, a ramp
to hold component 515, and a V,_,, component 517. The
ramp components are implemented as variations in vV, and
the V, . and V, ,, components provide constant or sub-
stantially constant V _ , magnitudes.

The ramp to drive component 1s characterized by a ramp
rate (1ncreasing magnitude) and a magnitude of V , ... When
the magnitude of the applied voltage reaches V. . the
ramp to drive component 1s completed. The V , . compo-
nent 1s characterized by the value of V , .. as well as the
duration otV , . . The magnitude of V , . may be chosen to
maintain V., with a sate but eflective range over the entire
tace of the electrochromic device as described above.

The ramp to hold component 1s characterized by a voltage
ramp rate (decreasing magmtude) and the value of V,_, , (or
optionally the difference between V,,  and V, ;). V
drops according to the ramp rate until the value of V,_,, 1s
reached. The V, ., component 1s characterized by the mag-
nitude of V, _,, and the duration of V, _,, Actually, the
duration of V, _, ,1s typically governed by the length of time
that the device 1s held 1n the tinted state (or conversely 1n the
clear state). Unlike the ramp to drive, V and ramp to
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hold components, the V,_,, component has an arbitrary
length, which 1s independent of the physics of the optical
transition of the device.

Each type of electrochromic device will have its own
characteristic components of the voltage profile for driving
the optical transition. For example, a relatively large device
and/or one with a more resistive conductive layer will
require a higher value of V.. and possibly a higher ramp
rate in the ramp to drive component. U.S. patent application
Ser. No. 13/449,251, filed Apr. 17, 2012, and incorporated
herein by reference, discloses controllers and associated
algorithms for driving optical transitions over a wide range
of conditions. As explained therein, each of the components
of an applied voltage profile (ramp to drive, V .., ramp to
hold, and V,_, ., herein) may be imndependently controlled to
address real-time conditions such as current temperature,
current level of transmissivity, etc. In some embodiments,
the values of each component of the applied voltage profile
1s set for a particular electrochromic device (having 1ts own
bus bar separation, resistivity, etc.) and does not vary based
on current conditions. In other words, 1n such embodiments,
the voltage profile does not take into account feedback such
as temperature, current density, and the like.

As 1ndicated, all voltage values shown in the voltage
transition profile of FIG. § correspond to the V_, values
described above. They do not correspond to the V. values
described above. In other words, the voltage values depicted
in FIG. 5 are representative of the voltage difference
between the bus bars of opposite polarity on the electro-
chromic device.

In certain embodiments, the ramp to drive component of
the voltage profile 1s chosen to safely but rapidly induce
ionic current to flow between the electrochromic and counter
electrodes. As shown 1n FIG. 5, the current in the device
tollows the profile of the ramp to drive voltage component
until the ramp to drive portion of the profile ends and the
V . . portion begins. See current component 501 in FIG. S.
Sate levels of current and voltage can be determined empiri-
cally or based on other feedback. Examples of safte current
and voltage levels are provided above.

In certain embodiments, the value of V . _ 1s chosen
based on the considerations described above. Particularly, 1t
1s chosen so that the value of V. over the entire surface of
the electrochromic device remains within a range that etlec-
tively and safely transitions large electrochromic devices.
The duration of V. can be chosen based on various
considerations. One of these ensures that the drive potential
1s held for a period suflicient to cause the substantial tinting
of the device. For this purpose, the duration ot V , . may be
determined empirically, by monitoring the optical density of
the device as a function of the length of time that V , .
remains 1n place. In some embodiments, the duration of
V .. . 1s set to a specified time period. In another embodi-
ment, the duration of V , . 1s set to correspond to a desired
amount of ionic and/or electronic charge being passed. As
shown, the current ramps down during V See current
segment 307.

Another consideration 1s the reduction in current density
in the device as the 10n1c current decays as a consequence of
the available lithium 10ons completing their journey from the
anodic coloring electrode to the cathodic coloring electrode
(or counter electrode) during the optical transition. When the
transition 1s complete, the only current flowing across device
1s leakage current through the 1on conducting layer. As a
consequence, the ohmic drop 1n potential across the face of
the device decreases and the local values of V_, increase.
These increased values of V . can damage or degrade the

drive*
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device 1f the applied voltage 1s not reduced. Thus, another
consideration in determining the duration of V , . 1s the
goal of reducing the level of V_. associated with leakage
current. By dropping the applied voltage from V . to
V012 DOt Only 18 V s reduced on the face of the device but
leakage current decreases as well. As shown 1 FIG. 5, the
device current transitions in a segment 505 during the ramp
to hold component. The current settles to a stable leakage
current 509 during V, ..~

A challenge arises because 1t can be difficult to predict
how long the applied drive voltage should be applied before
transitioning to the hold voltage. Devices of diflerent sizes,
and more particularly devices having bus bars separated by
particular distances, require different lengths of time for
applying the drive voltage. Further, the processes employed
to fabricate optically switchable devices such as electrochro-
mic devices may vary subtly from one batch to another or
one process revision to another. The subtle process varia-
tions translate into potentially different requirements for the
length of time that the drive voltage must be applied to the
devices used 1n operation. Still further, environmental con-
ditions, and particularly temperature, can influence the
length of time that the applied voltage should be applied to
drive the transition, for the reasons discussed above with
retference to FIG. 2, for example.

To account for all these vanables, current technology may
define many distinct control algorithms with distinct periods
of time for applying a defined drive voltage for each of many
different window sizes or device features. A rationale for
doing this 1s to ensure that the drive voltage 1s applied for a
suflicient period, regardless of device size and type, to
ensure that the optical transition 1s complete. Currently
many diflerent sized electrochromic windows are manufac-
tured. While 1t 1s possible to pre-determine the appropnate
drive voltage time for each and every different type of
window, this can be a tedious, expensive, and time-consum-
ing process. An improved approach, described here, 1s to
determine on-the-fly the length of time that the drive voltage
should be applied.

Further, 1t may be desirable to cause the transition
between two defined optical states to occur within a defined
duration, regardless of the size of the optically switchable
device, the process under which the device 1s fabricated, and
the environmental conditions 1 which the device 1s oper-
ating at the time of the transition. This goal can be realized
by monitoring the course of the transition and adjusting the
drive voltage as necessary to ensure that the transition
completes 1n the defined time. Adjusting the magnitude of
the drive voltage 1s one way ol accomplishing this. Such
methods are discussed further below 1n the section regarding,
Controlling a Transition using Electrical Feedback to Deter-
mine the End Point of a Transition.

Certain disclosed embodiments apply a probing technique
to assess the progress of an optical transition while the
device 1s 1n transition. As illustrated in FIG. 5, there are
typically distinct ramp to drive and drive voltage mainte-
nance stages of the optical transition. The probe technique
can be applied during either of these stages. In many
embodiments, the probing technique 1s applied during the
drive voltage maintenance portion of the algorithm.

In certain embodiments, the probing technique mnvolves
pulsing the current or voltage applied to drive the transition
and then monitoring the current or voltage response to detect
an overdrive condition in the vicinity of the bus bars. An
overdrive condition occurs when the local effective voltage
1s greater than needed to cause a local optical transition. For
example, 1 an optical transition to a clear state 1s deemed
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complete when V s reaches 2V, and the local value of V.
near a bus bar 1s 2.2V, the position near the bus bar may be
characterized as 1n an overdrive condition.

One example of a probing technique involves pulsing the
applied drive voltage by dropping 1t to the level of the hold
voltage (or the hold voltage modified by an appropnate
oflset) and monitoring the current response to determine the
direction of the current response. In this example, when the
current response reaches a defined threshold, the device
control system determines that 1t 1s now time to transition
from the drive voltage to the hold voltage.

FIG. 6 A 1s a graph depicting an optical transition in which
a drop 1n applied voltage from V , . _to 'V, .. results in a net
current flow establishing that the optical transition has
proceeded far enough to permit the applied voltage to
remain at V, ,, for the duration of the ending optical state.
This 1s 1llustrated by a voltage drop 6111n 'V from V.,
to V,_,. Voltage drop 611 1s performed during a period
when the V, , might otherwise be constrained to remain in
the drive phase shown i FIG. 5. The current flowing
between the bus bars began dropping (becoming less nega-
tive), as 1llustrated by current segment 307, when the applied
voltage mitially stopped increasing (becoming more nega-
tive) and plateaued at V . . However, when the applied
voltage now dropped at 611, the current began decreasing
more readily as illustrated by current segment 615. In
accordance with some embodiments, the level of current 1s
measured after a defined period of time passes following the
voltage drop 611. If the current 1s below a certain threshold,
the optical transition 1s deemed complete, and the applied
voltage may remain atV, _, , (or movetoV, , 1 it 1s at some
other level below V. ). In the particular example of FIG.
6 A, the current threshold 1s exceeded as 1llustrated. There-
tore, the V, , remains at V,,,, for the duration of the ending
optical state. V, ,, may be selected for the ending optical
state 1t provides. Such ending optical state may be a maxi-
mum, minimum, or intermediate optical state for the optical
device undergoing the transition.

In situations where the current does not reach the thresh-
old when measured, it may be appropriate to return Vo
V . ... FIG. 6B 1llustrates this situation. FIG. 6B 1s a graph
depicting an optical transition in which an 1mtial drop 1n
applied voltage from V , .. _to 'V, .. (see 611) results 1in a net
current flow indicating that the optical transition has not yet
proceeded far enough to permit the applied voltage to
remain at V,_,, for the duration of the ending optical state.
Note that current segment 615, which has a trajectory
resulting from voltage drop 611, does not reach the threshold
when probed at 619. Therefore the applied voltage 1s
returned to V. for a further period of time—while the
current recovers at 617—before again dropping to V, .,
(621) at which point the resulting current (623) establishes
that the optical transition has proceeded far enough to permit
the applied voltage to remain at V, ., for the duration of the
ending optical state. As explained, the ending optical state
may be a maximum, minimum, or intermediate optical state
for the optical device undergoing the transition.

As explamned, the hold voltage 1s a voltage that will
maintain the optical device 1n equilibrium at a particular
optical density or other optical condition. It produces a
steady-state result by generating a current that oflsets the
leakage current in the ending optical state. The drive voltage
1s applied to speed the transition to a point where applying
the hold voltage will result 1n a time invarnant desired optical
state.

The probing techniques described herein may be under-

stood 1n terms of the physical mechanisms associated with
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an optical transition driven from bus bars at the edges of a
device. Basically, the technique relies on differential values
of the eflective voltage experienced 1n the optically switch-
able device across the face of the device, and particularly the
variation 1n V g from the center of the device to the edge of
the device. The local variation 1n potential on the transparent
conductive layers results 1n different values otV _across the
tace of the device. The value of V ., experienced by the
optically switchable device near the bus bars 1s far greater
the value of V. 1n the center ot the device. As a conse-
quence, the local charge buildup 1n the region next to the bus
bars 1s significantly greater than the charge buildup in the
center the device.

At some point during the optical transition, the value of
V4 at the edge of the device near the bus bars 1s suthicient
to exceed the ending optical state desired for the optical
transition whereas in the center of the device, the value of
V #1s insuthcient to reach that ending state. The ending state
may be an optical density value associated with the endpoint
in the optical transition. While 1n this intermediate stage of
the optical transition, if the drive voltage 1s dropped to the
hold voltage, the portion of the electrochromic device close
to the bus bars will effectively try to transition back toward
the state from which 1t started. However, as the device state
in the center of the device has not yet reached the end state
ol the optical transition, when a hold voltage 1s applied, the
center portion of the device will continue transitioming 1n the
direction desired for the optical transition.

When the device 1n this intermediate stage of transition
experiences the change in applied voltage from the drive
voltage to the hold voltage (or some other suitably lower
magnitude voltage), the portions of the device located near
the bus bars—where the device 1s eflectively overdriven—
generate current flowing in the direction opposite that
required to drive the transition. In contrast, the regions of the
device 1n the center, which have not yet fully transitioned to
the final state, continue to promote current tlow 1n a direc-
tion required to drive the transition.

Over the course of the optical transition, and while the
device 1s experiencing the applied drive voltage, there 1s a
gradual increase in the dniving force for causing current to
flow 1n the reverse direction when the device 1s subject to a
sudden drop 1n applied voltage. By monitoring the flow of
current in response to perturbations away from drive volt-
age, one can determine a point at which the transition from
the first state to the second state 1s sufliciently far along that
a transition from drive voltage to hold voltage 1s appropriate.
By “appropriate,” 1t 1s meant that the optical transition 1s
sufliciently complete from the edge of the device to the
center of the device. Such transition can be defined 1n many
ways depending upon the specifications of the product and
its application. In one embodiment, 1t assumes that the
transition from the first state to the second state i1s at least
about 80% of complete or at least about 95% of complete.
Complete reflecting the change 1n optical density from the
first state to the second state. The desired level of complete-
ness may correspond to a threshold current level as depicted
in the examples of FIGS. 6 A and 6B.

Many possible variations to the probing protocol exist.
Such variations may include certain pulse protocols defined
in terms of the length of time from the imitiation of the
transition to the first pulse, the duration of the pulses, the
s1ze of the pulses, and the frequency of the pulses.

In one embodiment, the pulse sequence 1s begun 1mme-
diately upon the application of a drive voltage or a ramp to
drive voltage that iitiates the transition between the first
optical state and second optical state. In other words, there
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would be no lag time between the 1nitiation of the transition
and the application of pulsing. In some 1implementations, the
probe duration 1s sufliciently short (e.g., about 1 second or
less) that probing back and forth between V . _and 'V, _, . for
the entire ftransition 1s not significantly detrimental to
switching time. However, in some embodiments, 1t 1s unnec-
essary to start probing right away. In some cases, switching
1s 1nitiated after about 50% of an expected or nominal
switching period 1s complete, or about 75% of such period
1s complete. Often, the distance between bus bars 1s known
or can be read using an appropriately configured controller.
With the distance known, a conservative lower limit for
initiating probing may be implemented based on approxi-
mate known switching time. As an example, the controller
may be configured to 1nitiate probing after about 50-75% of
expected switching duration 1s complete.

In some embodiments, the probing begins after about 30
seconds from initiating the optical transition. Relatively
carlier probing may be especially helptful 1n cases where an
interrupt command 1s received. An mterrupt command 1s one
that 1nstructs the device to switch to a third optical trans-
mission state when the device 1s already 1n the process of
changing from a first to a second optical transmission state.
In this case, early probing can help determine the direction
of the transition (i1.e., whether the interrupt command
requires the window to become lighter or darker than when
the command 1s received). Methods 1n which electrical
teedback 1s used after recerving an interrupt command are
turther discussed below 1n the section regarding Controlling
a Transition using Electrical Feedback to Transition to a
Modified End State.

In some embodiments, the probing begins about 120
minutes (or about 30 minutes, about 60 minutes, or about 90
minutes) after initiating the optical transition. Relatively
later probing may be more useiul where larger windows are
used, and where the transition occurs from an equilibrium
state. For architectural glass, probing may begin about 30
seconds to 30 minutes after initiating the optical transition,
in some cases between about 1-5 minutes, for example
between about 1-3 minutes, or between about 10-30 min-
utes, or between about 20-30 minutes. In some embodi-
ments, the probing begins about 1-5 minutes (e.g., about 1-3
minutes, about 2 minutes in a particular example) after
initiating an optical transition through an interrupt com-
mand, while the probing begins about 10-30 minutes (e.g.,
about 20-30 muinutes) after imitiating an optical transition
from an mitial command given when the electrochromic
device 1s 1n an equilibrium state.

In the examples of FIGS. 6 A and 6B, the magnitude of the
pulses 1s between the drive voltage value and the hold
voltage value. This may be done for convenience. Other
pulse magnitudes are possible. For example, the pulse may
have a magnitude that falls within about +/-3500 mV of the
hold voltage, or within about +/-200 mV of the hold voltage.
For context, an electrochromic device on a window, such as
an architectural window, may have a drive voltage of about
0V to+/-20V (e.g., about +/-2 V to +/-10 V) and a hold
voltage of about O V to +/-4 V (e.g., about +/-1 V to +/-2
V). In some embodiments, the hold voltage 1s between about
+/-1 Vto +/-1.5 V.

In various embodiments, the controller determines when
during the optical transition the polarity of the probe current
opposes the polarity of the bias due to the transition pro-
ceeding to a significant extent. In other words, the controller
detects/determines when current to the bus bars tlows 1n a
direction opposite of what would be expected if the optical
transition was still proceeding.
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Probing by dropping the applied voltage magnitude from
V... tV, . provides a convenient, and broadly appli-
cable, mechanism for monitoring the transition to determine
when the probe current first reverses polarity. Probing by
dropping the voltage to a magnitude other than thatof Vv, _, ,
may 1nvolve characterization of window performance. It
appears that even very large windows (e.g., about 60")
essentially complete their optical transition when the current
first opposes the transition upon probing fromV , . toV, ..

In certain cases, probing occurs by dropping the applied
voltage magnitude from V,,  to V... where V_ ,  1s a
probe voltage other than the hold voltage. For example,
V ,ope may be 'V, ;. as modified by an offset. Although many
windows are able to essentially complete their optical tran-
sitions when the current first opposes the transition after
probing from V . to V, .. certain windows may benefit
from pulsing to a voltage slightly oflset from the hold
voltage. In general, the oflset becomes increasingly benefi-
cial as the size of the window increases, and as the tem-

perature of the window drops. In certain cases, the oflset 1s
between about 0-1 V, and the magnitude otV , 1s between
about 0-1 V higher than the magmtude of V, _,. For
example, the offset may be between about 0-0.4 V. In these
or other embodiments, the oflset may be at least about 0.025
V, or at least about 0.05 V, or at least about 0.1 V. The oflset
may result 1n the transition having a longer duration than it
otherwise would. The longer duration helps ensure that the
optical transition 1s able to fully complete. Techniques for
selecting an appropriate offset from the hold voltage are
discussed further below 1n the context of a target open circuit
voltage.

In some embodiments, the controller notifies a user or the
window network master controller of how far (by, e.g.,
percentage) the optical transition has progressed. This may
be an indication of what transmission level the center of the
window 1s currently at. Feedback regarding transition may
be provided to user interface in a mobile device or other
computational apparatus. See e.g., PCT Patent Application
No. US2013/036456 filed Apr. 12, 2013, which 1s 1ncorpo-
rated herein by reference 1n 1ts entirety.

The frequency of the probe pulsing may be between about
10 seconds and 500 seconds. As used 1n this context, the
“frequency” means the separation time between the mid-
points ol adjacent pulses 1n a sequence of two or more
pulses. Typically, the frequency of the pulsing 1s between
about 10 seconds and 120 seconds. In certain embodiments,
the frequency of the pulsing 1s between about 20 seconds
and 30 seconds. In certain embodiments, the probe fre-
quency 1s influenced by the size of the electrochromic device
or the separation between bus bars 1n the device. In certain
embodiments, the probe frequency 1s chosen as a function
the expected duration of the optical transition. For example,
the frequency may be set to be about 5™ to about Y50” (or
about “10” to about Y50”) of the expected duration of the
transition time. Note that transition time may correspond to

the expected duration ot V=V . . Note also that the
expected duration of the transition may be a function of the
s1ze of the electrochromic device (or separation of bus bars).
In one example, the duration for 14" windows 1s ~2.5
minutes, while the duration for 60" windows 1s ~40 minutes.
In one example, the probe frequency 1s every 6.5 seconds for
a 14" window and every 2 minutes for a 60" window.

In various implementations, the duration of each pulse 1s
between about 1x107> and 20 seconds. In some embodi-
ments, the duration of the pulses 1s between about 0.1 and 20
seconds, for example between about 0.5 seconds and 35

seconds.
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As 1ndicated, in certain embodiments, an advantage of
certain probing techniques disclosed herein 1s that only very
little information need be pre-set with the controller that 1s
responsible for controlling a window transition. Typically,
such information includes only the hold voltage (and voltage
oflset, 11 applicable) associated for each optical end state.
Additionally, the controller may specity a difference in
voltage between the hold voltage and a drive voltage, or
alternatively, the value ot V , . 1tself. Therefore, for any
chosen ending optical state, the controller would know the
magnitudes ot V,, ;. V =, and V. . The duration of the
drive voltage may be determined using the probing algo-
rithm described here. In other words, the controller deter-
mines how to appropriately apply the drive voltage as a
consequence of actively probing the extent of the transition
in real time.

FIG. 7A presents a flowchart 701 for a process of moni-
toring and controlling an optical transition 1n accordance
with certain disclosed embodiments. As depicted, the pro-
cess begins with an operation denoted by reference number
703, where a controller or other control logic receives
instructions to direct the optical transition. As explained, the
optical transition may be an optical transition between a
tinted state and a more clear state of electrochromic device.
The 1nstructions for directing the optical transition may be
provided to the controller based upon a preprogrammed
schedule, an algorithm reacting to external conditions,
manual mmput from a user, etc. Regardless of how the
instructions originate, the controller acts on them by apply-
ing a drive voltage to the bus bars of the optically switchable
device. See the operation denoted by reference number 705.

As explained above, 1n conventional embodiments, the
drive voltage 1s applied to the bus bars for a defined period
of time after which 1t 1s presumed that the optical transition
1s suiliciently complete that the applied voltage can be
dropped to a hold voltage. In such embodiments, the hold
voltage 1s then maintained for the duration of the pending
optical state. In contrast, 1n accordance with embodiments
disclosed herein, the transition from a starting optical state
to an ending optical state i1s controlled by probing the
condition of the optically switchable device one or more
times during the transition. This procedure 1s reflected in
operations 707, et seq. of FIG. 7A.

In operation 707, the magmitude of the applied voltage 1s
dropped after allowing the optical transition to proceed for
an incremental period of time. The duration of this incre-
mental transition 1s significantly less than the total duration
required to fully complete the optical transition. Upon
dropping the magnitude of the applied voltage, the controller
measures the response of the current flowing to the bus bars.
See operation 709. The relevant controller logic may then
determine whether the current response indicates that the
optical transition i1s nearly complete. See decision 711. As
explained above, the determination of whether an optical
transition 1s nearly complete can be accomplished in various
ways. For example, 1t may be determined by the current
reaching a particular threshold. Assuming that the current
response does not indicate that the optical transition 1s nearly
complete, process control 1s directed to an operation denoted
by reference number 713. In this operation, the applied
voltage 1s returned to the magnitude of the drnive voltage.
Process controls then loops back to operation 707 where the
optical transition i1s allowed to proceed by a further incre-
ment before again dropping the magnitude of the applied
voltage to the bus bars.

At some point in the procedure 701, decision operation
711 determines that the current response indicates that the
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optical transition 1s 1n fact nearly complete. At this point,
process control proceeds to an operation indicated by ref-
erence number 715, where the applied voltage 1s transitioned
to or maintained at the hold voltage for the duration of the
ending optical state. At this point, the process 1s complete.

FIG. 7B presents a flowchart 701 for a process of moni-
toring and controlling an optical transition 1 accordance
with certain disclosed embodiments. In this case, the process
condition probed 1s the open circuit voltage, as described 1n
the previous paragraph. The first two depicted operations in
flowchart 741 correspond to the first two operations 1n
flowcharts 701 and 721. In other words, operations 743 and
745 of tlowchart 741 correspond to operations 703 and 705
of flowchart 701. Briefly, 1n operation 743, the controller or
other appropriate logic receives mstructions to undergo an
optical transition. Then, at operation 743, the controller
applies a drive voltage to the bus bars. After allowing the
optical transition to proceed incrementally, the controller
applies open circuit conditions to the electrochromic device
at operation 747. Next, the controller measures the open
circuit voltage response at operation 749.

As 1s the case above, the controller may measure the
clectronic response (in this case the open circuit voltage)
after a defined period has passed since applying the open
circuit conditions. Upon application of open circuit condi-
tions, the voltage typically experiences an mitial drop relat-
ing to the ohmic losses 1n external components connected to
the electrochromic device. Such external components may
be, for example, conductors and connections to the device.
After this mnitial drop, the voltage experiences a first relax-
ation and settles at a first plateau voltage. The first relaxation
relates to 1nternal ohmic losses, for example over the elec-
trode/electrolyte interfaces within the electrochromic
devices. The voltage at the first plateau corresponds to the
voltage of the cell, with both the equilibrium voltage and the
overvoltages of each electrode. After the first voltage pla-
teau, the voltage experiences a second relaxation to an
equilibrium voltage. This second relaxation 1s much slower,
for example on the order of hours. In some cases 1t 1s
desirable to measure the open circuit voltage during the first
plateau, when the voltage 1s relatively constant for a short
period of time. This technique may be beneficial 1n provid-
ing especially reliable open circuit voltage readings. In other
cases, the open circuit voltage 1s measured at some point
during the second relaxation. This technique may be ben-
eficial in providing sufliciently reliable open circuit readings
while using less expensive and quick-operating power/
control equipment.

In some embodiments, the open circuit voltage 1s mea-
sured after a set period of time after the open circuit
conditions are applied. The optimal time period for measur-
ing the open circuit voltage 1s dependent upon the distance
between the bus bars. The set period of time may relate to
a time at which the voltage of a typical or particular device
1s within the first plateau region described above. In such
embodiments, the set period of time may be on the order of
milliseconds (e.g., a few milliseconds 1n some examples). In
other cases, the set period of time may relate to a time at
which the voltage of a typical or particular device 1s expe-
riencing the second relaxation described above. Here, the set
period of time may be on the order of about 1 second to
several seconds, 1n some cases. Shorter times may also be
used depending on the available power supply and control-
ler. As noted above, the longer times (e.g., where the open
circuit voltage 1s measured during the second relaxation)
may be beneficial i that they still provide useful open
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circuit voltage mformation without the need for high end
equipment capable of operating precisely at very short
timeframes.

In certain implementations, the open circuit voltage 1s
measured/recorded after a timeframe that 1s dependent upon
the behavior of the open circuit voltage. In other words, the
open circuit voltage may be measured over time after open
circuit conditions are applied, and the voltage chosen for
analysis may be selected based on the voltage vs. time
behavior. As described above, after application of open
circuit conditions, the voltage goes through an 1nitial drop,
followed by a first relaxation, a first plateau, and a second
relaxation. Each of these periods may be identified on a
voltage vs. time plot based on the slope of curve. For
example, the first plateau region will relate to a portion of the
plot where the magnitude of dV_ /dt 1s relatively low. This
may correspond to conditions 1n which the 1onic current has
stopped (or nearly stopped) decaying. As such, in certain
embodiments, the open circuit voltage used 1n the feedback/
analysis 1s the voltage measured at a time when the magni-
tude of dV__/dt drops below a certain threshold.

Returning to FIG. 7B, after the open circuit voltage
response 1s measured, 1t can be compared to a target open
circuit voltage at operation 751. The target open circuit
voltage may correspond to the hold voltage. In certain cases,
discussed further below, the target open circuit voltage
corresponds to the hold voltage as modified by an ofiset.
Techniques for choosing an appropriate ofiset from the hold
voltage are discussed further below. Where the open circuit
voltage response indicates that the optical transition 1s not
yet nearly complete (1.e., where the open circuit voltage has
not yet reached the target open circuit voltage), the method
continues at operation 733, where the applied voltage 1s
increased to the drive voltage for an additional period of
time. After the additional period of time has elapsed, the
method can repeat from operation 747, where the open
circuit conditions are again applied to the device. At some
point 1n the method 741, 1t will be determined in operation
751 that the open circuit voltage response indicates that the
optical transition 1s nearly complete (i.e., where the open
circuit voltage response has reached the target open circuit
voltage). When this 1s the case, the method continues at
operation 7535, where the applied voltage 1s maintained at the

hold voltage for the duration of the ending optical state.
The method 741 of FIG. 7B 1s very similar to the method

701 of FIG. 7A. The main difference 1s that in FIG. 7B, the
relevant variable measured 1s the open circuit voltage, while
in FIG. 7A, the relevant variable measured 1s the current
response when a reduced voltage 1s applied. In another
embodiment, discussed further below 1n the section regard-
ing Controlling an Optical Transition using Electrical Feed-
back to Transition Within a Desired Timeframe, the method
921 of FIG. 9A 1s modified 1n the same way. In other words,
the method 921 may be altered such that probing occurs by
placing the device 1n open circuit conditions and measuring
the open circuit voltage rather than a current response.

In another embodiment, the process for monitoring and
controlling an optical transition takes 1nto account the total
amount of charge delivered to the electrochromic device
during the transition, per unit area ol the device. This
quantity may be referred to as the delivered charge density
or total delivered charge density. As such, an additional
criterion such as the total charge density delivered may be
used to ensure that the device fully transitions under all
conditions.

The total delivered charge density may be compared to a
threshold charge density (also referred to as a target charge
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density) to determine whether the optical transition 1s nearly
complete. The threshold charge density may be chosen
based on the minimum charge density required to fully
complete or nearly complete the optical transition under the
likely operating conditions. In various cases, the threshold
charge density may be chosen/estimated based on the charge
density required to fully complete or nearly complete the
optical transition at a defined temperature (e.g., at about

-40° C., at about -30° C., at about -20° C., at about -10°
C., at about 0° C., at about 10° C., at about 20° C., at about
25° C., at about 30° C., at about 40° C., at about 60° C., efc.).

The optimum threshold charge density may also be
allected by the leakage current of the electrochromic device.
Devices that have higher leakage currents should have
higher threshold charge densities. In some embodiments, an
appropriate threshold charge density may be determined
empirically for an individual window or window design. In
other cases, an appropriate threshold may be calculated/
selected based on the characteristics of the window such as
the size, bus bar separation distance, leakage current, start-
ing and ending optical states, etc. Example threshold charge
densities range between about 1x10™ C/cm* and about 5
C/cm”, for example between about 1x10™* and about 0.5
C/cm®, or between about 0.005-0.05 C/cm?, or between
about 0.01-0.04 C/cm?, or between about 0.01-0.02 in many
cases. Smaller threshold charge densities may be used for
partial transitions (e.g., fully clear to 25% tinted) and larger
threshold charge densities may be used for full transitions. A
first threshold charge density may be used for bleaching/
clearing transitions, and a second threshold charge density
may be used for coloring/tinting transitions. In certain
embodiments, the threshold charge density 1s higher for
tinting transitions than for clearing transitions. In a particu-
lar example, the threshold charge density for tinting 1is
between about 0.013-0.017 C/cm?, and the threshold charge
density for clearing is between about 0.016-0.020 C/cm”.
Additional threshold charge densities may be appropriate
where the window 1s capable of transitioning between more
than two states. For instance, 1f the device switches between
four different optical states: A, B, C, and D, a different
threshold charge density may be used for each transition
(c.g., Ato B,AtoC, Ato D, B to A, etc.).

In some embodiments, the threshold charge density 1s
determined empirically. For instance, the amount of charge
required to accomplish a particular transition between
desired end states may be characterized for devices of
different sizes. A curve may be {it for each transition to
correlate the bus bar separation distance with the required
charge density. Such information may be used to determine
the minimum threshold charge density required for a par-
ticular transition on a given window. In some cases, the
information gathered in such empirical determinations 1s
used to calculate an amount of charge density that corre-
sponds to a certain level of change (increase or decrease) 1n
optical density.

FIG. 7C presents a flow chart for a method 761 ifor
monitoring and controlling an optical transition 1n an elec-
trochromic device. The method starts at operations 763 and
765, which correspond to operations 703 and 705 of FIG.
7A. At 763, the controller or other appropriate logic recerves
instructions to undergo an optical transition. Then, at opera-
tion 765, the controller applies a drive voltage to the bus
bars. After allowing the optical transition to proceed incre-
mentally, the magnitude of the voltage applied to the bus
bars 1s reduced to a probe voltage (which 1n some cases 1s
the hold voltage, and 1n other cases 1s the hold voltage
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modified by an oflset) at operation 767. Next at operation
769, the current response to the reduced applied voltage 1s
measured.

Thus far, the method 761 of FIG. 7C 1s 1dentical to the
method 701 of FIG. 7A. However, the two methods diverge
at this point 1n the process, with method 761 continuing at
operation 770, where the total delivered charge density is
determined. The total delivered charge density may be
calculated based on the current delivered to the device
during the optical transition, integrated over time. At opera-
tion 771, the relevant controller logic may determine
whether the current response and total delivered charge
density each indicate that the optical transition 1s nearly
complete. As explained above, the determination of whether
an optical transition 1s nearly complete can be accomplished
in various ways. For example, 1t may be determined by the
current reaching a particular threshold, and by the delivered
charge density reaching a particular threshold. Both the
current response and the total delivered charge density must
indicate that the transition 1s nearly complete before the
method can continue on at operation 7735, where the applied
voltage 1s transitioned to or maintained at the hold voltage
tor the duration of the ending optical state. Assuming at least
one of the current response and total delivered charge
density indicate that the optical transition 1s not yet nearly
complete at operation 771, process control 1s directed to an
operation denoted by reference number 773. In this opera-
tion, the applied voltage 1s returned to the magnitude of the
drive voltage. Process control then loops back to operation
767 where the optical transition 1s allowed to proceed by a
further increment before again dropping the magnitude of
the applied voltage to the bus bars.

FIG. 7D presents an alternative method for momitoring
and controlling an optical transition 1n an electrochromic
device. The method starts at operations 783 and 785, which
correspond to operations 703 and 705 of FIG. 7A. At 783,
the controller or other appropriate logic receives instructions
to undergo an optical transition. Then, at operation 785, the
controller applies a drive voltage to the bus bars. After
allowing the optical transition to proceed incrementally,
open circuit conditions are applied to the device at operation
787. Next at operation 789, the open circuit voltage of the
device 1s measured.

Thus far, the method 781 of FIG. 7D 1s identical to the
method 741 of FIG. 7B. However, the two methods diverge
at this point 1n the process, with method 781 continuing at
operation 790, where the total delivered charge density 1s
determined. The total delivered charge density may be
calculated based on the current delivered to the device
during the optical transition, integrated over time. At opera-
tion 791, the relevant controller logic may determine
whether the open circuit voltage and total delivered charge
density each indicate that the optical transition i1s nearly
complete. Both the open circuit voltage response and the
total delivered charge density must indicate that the transi-
tion 1s nearly complete betfore the method can continue on at
operation 795, where the applied voltage 1s transitioned to or
maintained at the hold voltage for the duration of the ending
optical state. Assuming at least one of the open circuit
voltage response and total delivered charge density indicate
that the optical transition 1s not yet nearly complete at
operation 791, process control 1s directed to an operation
denoted by reference number 793. In this operation, the
applied voltage i1s returned to the magnitude of the drive
voltage. Process control then loops back to operation 787
where the optical transition 1s allowed to proceed by a
further increment before again applying open circuit condi-




US 11,482,147 B2

29

tions to the device. The method 781 of FIG. 7D 1s very
similar to the method 761 of FIG. 7C. The principal ditler-
ence between the two embodiments 1s that in FIG. 7C, the
applied voltage drops and a current response 1s measured,
whereas 1n FIG. 7D, open circuit conditions are applied and
an open circuit voltage 1s measured.

In certain implementations, the method mnvolves using a
static oflset to the hold voltage. This offset hold voltage may
be used to probe the device and elicit a current response, as
described 1n relation to FIGS. 7A and 7C, for instance. The
oflset hold voltage may also be used as a target open circuit
voltage, as described in relation to FIGS. 7B and 7D. In
certain cases, particularly for windows with a large separa-
tion between the bus bars (e. g., at least about 25"), the offset
can be beneficial 1n ensuring that the optical transition
proceeds to completion across the entire window.

In many cases, an appropriate oflset 1s between about
0-0.5V (e.g., about 0.1-0.4 V, or between about 0.1-0.2 V).
Typically, the magmitude of an appropriate offset increases
with the size of the window. An oflset of about 0.2 V may
be appropriate for a window of about 14 inches, and an oflset
of about 0.4 V may be appropriate for a window of about 60
inches. These values are merely examples and are not
intended to be limiting. In some embodiments, a window
controller 1s programmed to use a static offset to V,_, .. The
magnitude and 1n some cases direction of the static oflset
may be based on the device characteristics such as the size
of the device and the distance between the bus bars, the
driving voltage used for a particular transition, the leakage
current of the device, the peak current density, capacitance
of the device, etc. In various embodiments, the static offset
1s determined empirically. In some designs, 1t 1s calculated
dynamically, when the device i1s installed or while it 1s
installed and operating, from monitored electrical and/or
optical parameters or other feedback.

In other embodiments, a window controller may be pro-
grammed to dynamically calculate the offsetto V, _, .. In one
implementation, the window controller dynamically calcu-
lates the oflset to V, _, , based on one or more of the device’s
current optical state (OD), the current delivered to the device
(I), the rate of change of current delivered to the device
(dI/dt), the open circuit voltage of the device (V_ ), and the
rate of change of the open circuit voltage of the device
(dV__/dt). This embodiment 1s particularly useful because 1t
does not require any additional sensors for controlling the
transition. Instead, all of the feedback 1s generated by
pulsing the electronic conditions and measuring the elec-
tronic response ol the device. The feedback, along with the
device characteristics mentioned above, may be used to
calculate the optimal offset for the particular transition
occurring at that time. In other embodiments, the window
controller may dynamically calculate the ofiset to V, ,,
based on certain additional parameters. These additional
parameters may 1include the temperature of the device,
ambient temperature, and signals gathered by photoptic
sensors on the window. These additional parameters may be
helpful 1n achieving uniform optical transitions at different
conditions. However, use of these additional parameters also
increases the cost of manufacture due to the additional
sensors required.

The oflset may be beneficial 1 various cases due to the
non-uniform quality of the eftective voltage, V 4 applied
across the device. The non-uniform V _z1s shown in FIG. 4C,
for example, described above. Because of this non-unifor-
mity, the optical transition does not occur in a uniform
manner. In particular, areas near the bus bars experience the
greatest V. and transition quickly, while areas removed
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from the bus bars (e.g., the center of the window) experience
the lowest V . and transition more slowly. The oflset can
help ensure that the optical transition proceeds to completion

at the center of the device where the change 1s slowest.

FIGS. 8A and 8B show graphs depicting the total charge
delivered over time and the applied voltage over time during
two diflerent electrochromic tinting transitions. The window
in each case measured about 24x24 inches. The total charge
delivered 1s referred to as the Tint Charge Count, and 1s
measured 1 coulombs (C). The total charge delivered 1s
presented on the left hand y-axis of each graph, and the
applied voltage 1s presented on the right hand y-axis of each
graph. In each figure, line 802 corresponds to the total
charge delivered and line 804 corresponds to the applied
voltage. Further, line 806 1n each graph corresponds to a
threshold charge (the threshold charge density multiplied by
the area of the window), and line 808 corresponds to a target
open circuit voltage. The threshold charge and target open
circuit voltage are used in the method shown 1 FIG. 7D to
monitor/control the optical transition.

The voltage curves 804 1n FIGS. 8 A and 8B each start out
with a ramp to drive component, where the magnitude of the
voltage ramps up to the drive voltage of about -2.5V. After
an 1nitial period of applying the drive voltage, the voltage
begins to spike upwards at regular intervals. These voltage
spikes occur when the electrochromic device i1s being
probed. As described 1n FIG. 7D, the probing occurs by
applying open circuit conditions to the device. The open
circuit conditions result 1 an open circuit voltage, which
correspond to the voltage spikes seen 1n the graphs. Between
cach probe/open circuit voltage, there 1s an additional period
where the applied voltage i1s the drive voltage. In other
words, the electrochromic device 1s driving the transition
and periodically probing the device to test the open circuit
voltage and thereby monitor the transition. The target open
circuit voltage, represented by line 808, was selected to be
about —-1.4V for each case. The hold voltage in each case
was about —1.2V. Thus, the target open circuit voltage was
oflset from the hold voltage by about 0.2V,

In the transition of FIG. 8A, the magnitude of the open
circuit voltage exceeds the magnitude of the target open
circuit voltage at about 1500 seconds. Because the relevant
voltages 1n this example are negative, this 1s shown in the
graph as the point at which the open circuit voltage spikes
first fall below the target open circuit voltage. In the tran-
sition of FI1G. 8B, the magnitude of the open circuit voltage
exceeds the magmtude of the target open circuit voltage
sooner than in FIG. 8A, around 1250 seconds.

The total delivered charge count curves 802 in FIGS. 8A
and 8B each start at 0 and rise monotonically. In the
transition of FIG. 8A, the delivered charge reaches the
threshold charge at around 1500 seconds, which was very
close to the time at which the target open circuit voltage was
met. Once both conditions were met, the voltage switched
from the drive voltage to the hold voltage, around 1500
seconds. In the transition of FIG. 8B, the total delivered
charge took about 2100 seconds to reach the charge thresh-
old, which 1s about 14 minutes longer than 1t took the voltage
to reach the target voltage for this transition. After both the
target voltage and threshold charge are met, the voltage 1s
switched to the hold voltage. The additional requirement of
the total charge delivered results 1n the FIG. 8B case driving
the transition at the drive voltage for a longer time than
might otherwise be used. This helps ensure tull and uniform
transitions across many window designs at various environ-
mental conditions.
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In another embodiment, the optical transition 1s monitored
through voltage sensing pads positioned directly on the
transparent conductive layers (IT'CLs). This allows for a
direct measurement of the V. at the center of the device,
between the bus bars where V. 1s at a minimum. In this
case, the controller indicates that the optical transition is
complete when the measured V. at the center ot the device
reaches a target voltage such as the hold voltage. In various
embodiments, the use of sensors may reduce or eliminate the
benelit from using a target voltage that 1s oflset from the hold
voltage. In other words, the offset may not be needed and the
target voltage may equal the hold voltage when the sensors
are present. Where voltage sensors are used, there should be
at least one sensor on each TCL. The voltage sensors may be
placed at a distance mid-way between the bus bars, typically
ofl to a side of the device (near an edge) so that they do not
affect (or mimmimally aflect) the viewing area. The voltage
sensors may be hidden from view 1n some cases by placing
them proximate a spacer/separator and/or {rame that
obscures the view of the sensor.

FIG. 8C presents an embodiment of an EC window 890
that utilizes sensors to directly measure the effective voltage
at the center of the device. The EC window 890 includes top
bus bar 891 and bottom bus bar 892, which are connected by
wires 893 to a controller (not shown). Voltage sensor 896 1s
placed on the top TCL, and voltage sensor 897 1s placed on
the bottom TCL. The sensors 896 and 897 are placed at a
distance mid-way between the bus bars 891 and 892, though
they are off to the side of the device. In some cases the
voltage sensors may be positioned such that they reside
within a frame of the window. This placement helps hide the
sensors and promote optimal viewing conditions. The volt-
age sensors 896 and 897 are connected to the controller
through wires 898. The wires 893 and 898 may pass under
or through a spacer/separator placed and sealed 1n between
the panes (also referred to as lites) of the window. The
window 890 shown in FIG. 8C may utilize any of the

methods described herein for controlling an optical transi-
tion.

In some 1mplementations, the voltage sensing pads may
be conductive tape pads. The pads may be as small as about
1 mm® in some embodiments. In these or other cases, the
pads may be about 10 mm~ or less. A four wire system may
be used 1n embodiments utilizing such voltage sensing pads.
Controlling a Transition Using Electrical Feedback to Tran-
sition within a Desired Timeirame

Separately, 1n some implementations, the method or con-
troller may specily a total duration of the transition. In such
implementations, the controller may be programmed to use
a modified probing algorithm to monitor the progress of the
transition from the starting state to the end state. The
progress can be momtored by periodically reading a current
value 1n response to a drop 1n the applied voltage magnitude
such as with the probing technique described above. The
probing technique may also be implemented using a drop in
applied current (e.g., measuring the open circuit voltage).
The current or voltage response indicates how close to
completion the optical transition has come. In some cases,
the response 1s compared to a threshold current or voltage
for a particular time (e.g., the time that has elapsed since the
optical transition was 1nitiated). In some embodiments, the
comparison 1s made for a progression ol the current or
voltage responses using sequential pulses or checks. The
steepness of the progression may indicate when the end state
1s likely to be reached. A linear extension to this threshold
current may be used to predict when the transition will be
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complete, or more precisely when 1t will be sufliciently
complete that 1t 1s appropriate to drop the drive voltage to the
hold voltage.

With regard to algorithms for ensuring that the optical
transition from first state to the second state occurs within a
defined timeirame, the controller may be configured or
designed to increase the drive voltage as appropriate to
speed up the transition when the iterpretation of the pulse
responses suggests that the transition 1s not progressing fast
enough to meet the desired speed of transition. In certain
embodiments, when 1t 1s determined that the transition 1s not
progressing suiliciently fast, the transition switches to a
mode where it 1s driven by an applied current. The current
1s sufliciently great to increase the speed of the transition but
1s not so great that 1t degrades or damages the electrochromic
device. In some 1mplementations, the maximum suitably
safe current may be referred to as I, .. Examples ot I, ., may
range between about 5 and 250 pA/cm”. In current con-
trolled drive mode, the applied voltage 1s allowed to float
during the optical transition. Then, during this current con-
trolled drive step, could the controller periodically probes
by, e.g., dropping to the hold voltage and checking for
completeness of transition 1n the same way as when using a
constant drive voltage.

In general, the probing technique may determine whether
the optical transition i1s progressing as expected. I the
technique determines that the optical transition 1s proceeding,
too slowly, 1t can take steps to speed the transition. For
example, 1t can increase the dnive voltage. Similarly, the
technique may determine that the optical transition 1s pro-
ceeding too quickly and risks damaging the device. When
such determination 1s made, the probing technique may take
steps to slow the transition. As an example, the controller
may reduce the drive voltage.

In some applications, groups of windows are set to
matching transition rates by adjusting the voltage and/or
driving current based on the feedback obtained during the
probing (by pulse or open circuit measurements). In embodi-
ments where the transition 1s controlled by monitoring the
current response, the magnitude of the current response may
be compared from controller to controller (for each of the
group ol windows) to determine how to scale the driving
potential or dniving current for each window in the group.
The rate of change of open circuit voltage could be used 1n
the same manner.

FIG. 9A presents a flowchart 921 depicting an example
process for ensuring that the optical transition occurs sufli-
ciently fast, e.g., within a defined time period. The first four
depicted operations 1n flowchart 921 correspond to the first
four operations 1n flowchart 701. In other words, operation
923, 925, 927, and 929 of flowchart 921 correspond to
operations 703, 705, 707, and 709 of flowchart 701 from
FIG. 7A. Brietly, 1n operation 923, the controller or other
appropriate logic receives mstructions to undergo an optical
transition. Then, at operation 925, the controller applies a
drive voltage to the bus bars. After allowing the optical
transition to proceed incrementally, the controller drops the
magnitude of the applied voltage to the bus bars. See
operation 927. The magnitude of the lower voltage is
typically, though not necessarily, the hold voltage. As men-
tioned, the lower voltage may also be the hold voltage as
modified by an offset (the offset often falling between about
0-1V, for example between about 0-0.4V 1n many cases).
Next, the controller measures the current response to the
applied voltage drop. See operation 929.

The controller next determines whether the current
response indicates that the optical transition 1s proceeding
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too slowly. See decision 931. As explained, the current
response may be analyzed 1n various ways determine
whether the transition 1s proceeding with suflicient speed.
For example, the magnitude of the current response may be
considered or the progression of multiple current responses
to multiple voltage pulses may be analyzed to make this
determination.

Assuming that operation 931 establishes that the optical
transition 1s proceeding rapidly enough, the controller then
increases the applied voltage back to the drive voltage. See
operation 933. Thereafter, the controller then determines
whether the optical transition 1s sufliciently complete that
turther progress checks are unnecessary. See operation 935.
In certain embodiments, the determination in operation 935
1s made by considering the magnitude of the current
response as discussed 1n the context of FIG. 7A. Assuming
that the optical transition 1s not yet sufliciently complete,
process control returns to operation 927, where the control-
ler allows the optical transition to progress incrementally
turther before again dropping the magnitude of the applied
voltage.

Assuming that execution of operation 931 indicates that
the optical transition 1s proceeding too slowly, process
control 1s directed to an operation 937 where the controller
increases the magnitude of the applied voltage to a level that
1s greater than the drive voltage. This over drives the
transition and hopefully speeds it along to a level that meets
specifications. After increasing the applied voltage to this
level, process control 1s directed to operation 927 where the
optical transition continues for a further increment before
the magnitude of the applied voltage 1s dropped. The overall
process then continues through operation 929, 931, efc. as
described above. At some point, decision 933 1s answered 1n
the aflirmative and the process 1s complete. In other words,
no further progress checks are required. The optical transi-
tion then completes as illustrated 1n, for example, flowchart
701 of FIG. 7A.

In certain embodiments, the method 921 may be altered
such that probing occurs by placing the device in open
circuit conditions and measuring the open circuit voltage
rather than measuring a current response. In some embodi-
ments, the method 921 may be modified by including an
additional charge counting and comparison step, as pre-
sented 1n operations 770/771 of FIG. 7C and operations
790/791 of FIG. 7D.

Controlling a Transition Using Electrical Feedback to Tran-
sition to a Modified End State

Another application of the probing techniques disclosed
herein ivolves on-the-fly modification of the optical tran-
sition to a different end state. In some cases, it will be
necessary to change the end state after a transition begins.
Examples of reasons for such modification include a user’s
manual override a previously specified end tint state and a
wide spread electrical power shortage or disruption. In such
situations, the mitially set end state might be transmissiv-
1ty=40% and the modified end state might be transmissiv-
1ty=5%.

Where an end state modification occurs during an optical
transition, the probing techniques disclosed herein can adapt
and move directly to the new end state, rather than first
completing the transition to the iitial end state.

In some implementations, the transition controller/
method detects the current state of the window using a
voltage/current sense as disclosed herein and then moves to
a new drive voltage immediately. The new drive voltage
may be determined based on the new end state and option-
ally the time allotted to complete the transition. If necessary,
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the drive voltage 1s increased significantly to speed the
transition or drive a greater transition in optical state. The
appropriate modification 1s accomplished without waiting
for the imtially defined transition to complete. The probing
techniques disclosed herein provide a way to detect where 1n
the transition the device 1s and make adjustments from there.

FIG. 9B illustrates a flowchart for a method 908 for

controlling an optical transition 1n an electrochromic device.
The method 908 of FIG. 9B 1s similar to the method 781 of
FIG. 7D 1n that both methods mvolve measuring an open
circuit voltage and charge count, which are used as feedback
to control the transition. The method 908 begins at operation
910 where the controller 1s turned on. Next, at operation 912,
the open circuit voltage (V_ ) 1s read and the device waits for
an initial command. An mitial command 1s recerved at
operation 914, the command indicating that the window
should switch to a different optical state. After the command
1s recerved, open circuit conditions are applied and the open
circuit voltage 1s measured at operation 916. The amount of
charge delivered (QQ) may also be read at block 916. These
parameters determine the direction of the transition (whether
the window 1s supposed to get more tinted or more clear),
and 1mpact the optimal drive parameter. An appropriate
drive parameter (e.g., drive voltage) 1s selected at operation
916. This operation may also involve revising the target
charge count and target open circuit voltage, particularly 1n
cases where an mterrupt command 1s recetved, as discussed
turther below.

After the open circuit voltage 1s read at operation 916, the
clectrochromic device 1s driven for a period of time. The
drive duration may be based on the busbar separation
distance 1n some cases. In other cases, a fixed drive duration
may be used, for example about 30 seconds. This driving
operation may involve applying a drive voltage or current to
the device. Operation 918 may also ivolve modifying a
drive parameter based on the sensed open circuit voltage
and/or charge count. Next, at operation 920, it 1s determined
whether the total time of the transition (thus far) 1s less than
a threshold time. The threshold time 1indicated 1n FIG. 9B 1s
2 hours, though other time periods may be used as appro-
priate. If 1t 1s determined that the total time of transition 1s
not less than the threshold time (e.g., where the transition
has taken at least 2 hours and 1s not yet complete), the
controller may indicate that 1t 1s 1n a fault state at operation
930. This may indicate that something has caused an error 1n
the transition process. Otherwise, where the total time of
transition 1s determined to be less than the threshold time,
the method continues at operation 922. Here, open circuit
conditions are again applied, and the open circuit voltage 1s
measured. At operation 924, 1t 1s determined whether the
measured open circuit voltage 1s greater than or equal to the
target voltage (in terms of magnitude). If so, the method
continues at operation 926, where it 1s determined whether
the charge count (Q) 1s greater than or equal to the target
charge count. If the answer 1n either of operations 924 or 926
1S no, the method returns to block 918 where the electro-
chromic device transition 1s driven for an additional drive
duration. Where the answer in both of operations 924 and
926 15 yes, the method continues at operation 928, where a
hold voltage 1s applied to maintain the electrochromic
device 1n the desired tint state. Typically, the hold voltage
continues to be applied until a new command 1s recerved, or
until a timeout 1s experienced.

When a new command 1s recerved aiter the transition 1s
complete, the method may return to operation 916. Another
event that can cause the method to return to operation 916
1s rece1ving an mnterrupt command, as indicated 1n operation
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932. An mterrupt command may be received at any point 1n
the method after an 1nitial command 1s received at operation
914 and before the transition i1s essentially complete at
operation 928. The controller should be capable of receiving
multiple interrupt commands over a transition. One example
interrupt command involves a user directing a window to
change from a first tint state (e.g., fully clear) to a second tint
state (e.g., fully tinted), then interrupting the transition
betfore the second tint state 1s reached to direct the window
to change to a third tint state (e.g., half tinted) instead of the
second tint state. After receiving a new command or an
interrupt command, the method returns to block 916 as
indicated above. Here, open circuit conditions are applied
and the open circuit voltage and charge count are read.
Based on the open circuit voltage and charge count readings,
as well as the desired third/final tint state, the controller 1s
able to determine appropriate drive conditions (e.g., drive
voltage, target voltage, target charge count, etc.) for reaching
the third tint state. For instance, the open circuit voltage/
charge count may be used to indicate 1n which direction the
transition should occur. The charge count and charge target
may also be reset after receiving a new command or an
interrupt command. The updated charge count may relate to
the charge delivered to move from the tint state when the
new/interrupt command 1s received to the desired third tint
state. Because the new command/interrupt command will
change the starting and ending points of the transition, the
target open circuit voltage and target charge count may need
to be revised. This 1s indicated as an optional part of
operation 916, and 1s particularly relevant where a new or
interrupt command 1s received.

In a related embodiment, the method 908 may be altered
such that probing occurs by dropping the magnitude of the
applied voltage and measuring a current response, rather
than applying open circuit conditions and measuring an open
circuit voltage in operations 922 and 924. In another related
embodiment, the method 908 may be altered such that
probing does not involve reading a charge count (e.g.,
operation 926 1s omitted) or using such charge count as
teedback. In these embodiments, probing may involve either
measuring a current response aiter an applied voltage 1s
reduced, or measuring an open circuit voltage aiter open
circuit conditions are applied.

It should be understood that the probing techniques pre-
sented 1n any of the various sections herein need not be
limited to measuring the magnitude of the device’s current
in response to a voltage drop (pulse). There are various
alternatives to measuring the magnitude of the current
response to a voltage pulse as an indicator of how far as the
optical transition has progressed. In one example, the profile
ol a current transient provides useful information. In another
example, measuring the open circuit voltage of the device
may provide the requisite information. In such embodi-
ments, the pulse mvolves simply applying no voltage to
device and then measuring the voltage that the open circuit
device applies. Further, 1t should be understood that current
and voltage based algorithms are equivalent. In a current
based algorithm, the probe 1s implemented by dropping the
applied current and monitoring the device response. The
response may be a measured change in voltage. For
example, the device may be held 1 an open circuit condition
to measure the voltage between bus bars.

Controlling Transitions Using Electrical Feedback to Tran-
sition a Plurality of Windows to Matching Tint Levels/Rates

In some applications, groups of windows are set to
matching transition rates by adjusting the voltage and/or
driving current based on the feedback obtained during
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probing, such probing techniques being described above
(e.g., probing may 1involve measurement of an open circuit
voltage after open circuit conditions are applied, or it may
involve measurement of a current response atter application
of a voltage pulse, and 1n some cases 1t may involve
measurement of a delivered charge in addition to measuring
either a voltage or current response). FIG. 9C presents a
flowchart of one such embodiment. The method 950 begins
at operation 951, where one or more controllers receive
instructions to undergo an optical transition on multiple
windows simultaneously. At operation 933, drive conditions
(e.g., drive current and/or drive voltage) are applied to the
bus bars on each window. The drive conditions may be
mitially equal or unequal between the different windows.
Unequal drive conditions may be particularly usetul where
the windows are known to have different switching proper-
ties, for instance where the windows are of different sizes.
Next, at operation 955, after allowing the optical transition
on each window to proceed incrementally, each window 1s
clectronically probed. Probing may occur through any of the
methods described herein (e.g., pulsing current, pulsing
voltage, counting charge, and combinations thereof). After
probing, the electronic response from each window 1s mea-
sured and compared at operation 937. The -electronic
responses may simply be compared against one another.
Alternatively or 1in addition, the electronic responses can be
evaluated to determine whether the responses indicate that
cach transition will occur within a target timeframe.

In embodiments where the transition i1s controlled by
monitoring the current response, the magnitude of the cur-
rent response may be compared from controller to controller
(for each window 1n the group of windows) to determine
how to scale the driving potential or driving current for each
window 1n the group. The rate of change of open circuit
voltage could be used 1n the same manner. By scaling the
driving potential or driving current for each window based
on the feedback response, the amount and/or rate of tinting
may be controlled to be uniform between all of the windows.
This scaling of the drive conditions 1s described 1n blocks
059, 961, 962, and 963. The drive conditions for each
window can be continuously and individually monitored and
updated based on the feedback responses for each window,
as shown by the various loops 1n FIG. 9C. Once the optical
transitions are complete (evaluated at operation 963), the
windows are all transitioned to their final end states and the
method 1s complete.

Any group of windows may be controlled together 1n this
manner. For instance, two or more adjacent windows can be
controlled together. In another example, two or more win-
dows (e.g., all windows) in a single room are controlled
together. In another example, two or more windows (e.g., all
windows) on a floor of a building are controlled together. In
yet another example, two or more windows (e.g., all win-
dows) of a building are controlled together. In a further
example, a number of windows are provided together 1n a
curtain wall, and each window 1n the curtain wall can be
controlled together. An example of a folding curtain wall 1s
shown 1n FIG. 10, described below.

FIG. 10 presents an example of a folding curtain wall
1003. The folding curtain wall 1003 includes four electro-
chromic windows 1000a-d, which are connected through a
series of ribbon connectors 1005. Another ribbon connector
1005 (or other connector) links the curtain wall 1003 to a
master controller 1010. Ribbon connectors are particularly
usetul for folding curtain walls, as they can accommodate
movement of the different panels. In a similar embodiment,
a fixed curtamn wall 1s used. Any approprniate electrical
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connection may be used to connect the various windows 1n
this case, as there 1s less concern with wires becoming
pinched since the windows are static. Certain embodiments
relate to ensuring that the tint level of adjacent EC windows
substantially matches, e.g., based on non-optical feedback
control. Returning to the embodiment of FI1G. 10, the master
controller 1010 can control each of the windows 1000a-d,
either individually or as a group. In certain embodiments,
the windows 1n the folding curtain wall 1003 may be

controlled as described to achieve substantially similar tint
levels 1n each of the windows 1000a-d. For 1mnstance, a user
may send a command to cause all of the windows to tint at
the same level. In response, the controller 1010 (or multiple
controllers, one for each window (not shown)) may probe
the windows to determine their relative or absolute tint
values. The response from each window can be compared,
and then each window can be 1individually driven based on
the feedback response from the probing to match the tint
levels on each of the windows 1000a-d. Similarly, probing
can be done during a transition to ensure that each of the
windows 1000a-d 1s tinting at substantially the same rate.
Issues related to transitions mmvolving multiple windows
can be especially problematic 1 certain contexts, for
instance where the windows exhibit different switching
speeds due to diflerences i window size and/or other
window characteristics (e.g., lithium 1on mobility, TCO
resistivity differences, replacement windows having differ-
ent characteristic than the windows 1n the oniginal set, etc.).
If a larger window 1s positioned next to a smaller window
and the same driving conditions are used to transition both
windows, the smaller window will typically transition faster
than the neighboring larger window. This may be aestheti-

cally undesirable to occupants. As such, electrical feedback
can be used to ensure that the various windows tint at the
same rate or at rates that mask or otherwise minimize
discernable optical differences.

In some embodiments, a uniform tinting rate 1s achueved
across multiple windows by designating a desired transition
time that 1s applicable to the multiple windows. The indi-
vidual windows can then be controlled (e.g., through a local
window controller and/or a network controller) such that
they each tint at a rate that will achieve the transition during
the desired transition time. In the context of FIG. 9C, for
example, blocks 959 and 962 may be evaluated by analyzing
the electrical responses from each window to determine 1
cach window will transition within a desired transition time.
In some embodiments, the desired transition time 1s either
(a) programmed 1nto or (b) dynamically calculated by one or
more window or network controllers. Methods for achieving,
such control are described further above, particularly 1n the
section related to Controlling a Transition using Electrical
Feedback to Transition Within a Desired Timeirame. Brietly,
if the feedback response indicates that the transition of a
particular window 1s occurring too slowly (such that the
window will not transition within the desired timeframe),
the drive conditions can be altered to increase the rate of
transition (e.g., a drive voltage applied to an overly slow
window can be increased). Similarly, 1n various embodi-
ments, i the feedback response indicates that the transition
1s occurring too quickly (such that the window will transi-
tion faster than the desired transition time), the drive con-
ditions can be altered to decrease the rate of transition for
that window (e.g., a drive voltage applied to an overly fast
switching window can be reduced). The end result being,
e.g., that even for multiple windows 1n a facade, the facade
as a whole transitions uniformly from the end user’s per-
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spective and, once 1n the desired tint state, the group of
adjacent windows appears uniformly tinted.

Where multiple windows are controlled 1n this manner, it
may be desirable for one or more controllers (e.g., window
controllers and/or a network controller) to verily that the
windows mvolved in the transition are capable of transition-
ing within the desired transition time. For instance, 1f a
smaller window can transition i 5 minutes but a larger
adjacent window takes 15 minutes to transition, the desired
transition time for both windows should be about 15 minutes
or greater.

In one example, a desired transition time 1s programmed
into mdividual windows (e.g., into a pigtail, window con-
troller, or other component having localized memory). Each
of the windows may have the same transition time pro-
grammed 1n, such that they transition at the same rate. A
window and/or network controller can then read the desired
transition time information and verity that the window can
be switched within the desired transition time. Such verifi-
cation may occur before the transition begins. In other cases
the verification occurs during the transition. If any of the
windows 1n the group are not able to transition within the
desired transition time, a new target transition time may be
designated based on the slowest switching window (1.e., the
limiting window). The new target transition may be applied
to all the windows being controlled together in certain
embodiments. The window and/or network controller can
dynamically adjust the driving conditions, for example
based on feedback as described above, to ensure that each of
the windows transitions at a desired rate and within the
desired transition time.

In a stmilar example, a group of windows may be zoned
together such that they transition together as a group. The
grouping of the windows may be pre-programmed, or 1t may
be designated on-the-fly (e.g., immediately before a transi-
tion, or even during a transition). A network controller, or a
group of window controllers working together, can then
determine which window(s) in the group will be the slowest
transitioning windows. Typically the largest windows are
those that transition the slowest. The desired transition time
can then be set based on the slowest (generally largest)
window. In such embodiments, the individual windows may
be programmed to designate their size (e.g., 1n a pigtail,
window controller, or other component having memory). It
1s not necessary to designate a particular switching time for
cach window. A network controller, for instance having a
microprocessor unit, can be used to define a control algo-
rithm for each individual window after the windows are
grouped together. The network controller may select a
desired transition time (for all windows 1n the group) based
on the time it takes to transition the slowest (generally
largest) window 1n the group. The windows can then be
individually controlled, based on feedback as described
above, such that they transition over the course of the
desired transition time.

As noted, the zoning of the windows can be designated
on-the-tly. This feature 1s beneficial because 1t helps provide
a high degree of flexibility and responsiveness when con-
trolling a number of windows together. In one example
shown 1n method 970 of FIG. 9D, a first set of windows 1s
defined and instructed to undergo an optical transition 1n
operation 971. The transition time 1s based on the slowest
changing window 1n the first set of windows. Next, at
operation 973, drive conditions are applied to each window
to cause each window to transition over the transition time.
The method 970 may then proceed as described 1n relation
to method 950 of FIG. 9B. However, at some point during
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the transition of the first set of windows, instructions may be
received (e.g., from a user, controller, etc.) that a second set
of windows should be transitioned instead of the first set of
windows. As such, operation 985 1s included to check for
any 1nstructions to modily the group of windows being
switched. If no such instructions have been received, the first
set of windows continues to transition as normal. However,
il mstructions are received to define a second set of windows
to transition, the method continues at operation 986, where
the drive conditions are updated and applied to the windows
in the second set. The updated drive conditions are based on
the windows that are included 1n the second set of windows,
including an updated transition time (sometimes referred to
as a second transition time) based on the windows in the
second set. The second set of windows may be different from
the first set of windows, though the two sets may include
some overlapping windows (e.g., certain windows may be
included in both the first and second set of windows). A
controller can then transition all the windows in the second
set together at matching tint levels or tint rates by following
the operations shown 1n method 970, with drive conditions
and transition time now being based on the windows 1n the
second set of windows instead of the first set of windows.

One example where this may occur 1s when a user initially
decides to transition two out of three electrochromic win-
dows 1 a room, then during the transition decides to
transition all three electrochromic windows 1n the room.
After designating all three windows as the second set of
windows, a controller may use feedback to control all three
windows together at matching tint levels and/or tint rates
based on the slowest transitioning window 1n the second set
of windows. One consequence 1s that a window that 1s 1n
both the first and second sets of windows may experience
different drive conditions at different points in time due to
the diflering windows within the groups being transitioned
together. For example, a later defined group of windows may
include a larger/slower transitioning window than an ini-
tially defined group of windows. As such, when the windows
are grouped to include the large/slow window, the transition
rate of all the other windows may be slower. The ending
optical state for the second set of windows may be the same
or different from the ending optical state (or starting optical
state) of the first set of windows.

In certain embodiments where multiple windows transi-
tion at the same time, 1t may be desirable to enable both (a)
fast-as-possible transitions for each individual window
under certain conditions, and (b) uniform transitions across
the multiple windows under other conditions. For example,
it may be desirable for regularly scheduled transitions to
occur uniformly for a group of windows. Unmiformity may be
beneficial 1n this context because uniform transitions are less
distracting, which 1s particularly advantageous for scheduled
transitions that may not otherwise draw an occupant’s
attention. In other words, 1t 1s beneficial for scheduled
transitions to occur more subtly. In contrast, 1t may be
desirable for non-scheduled, user-initiated transitions to
occur as quickly as possible for each individual window.
Fast, non-uniform transitions may be beneficial in this
context because users often like fast response times when
they mput a command. Where a user has mput a command
to transition the windows, the potentially distracting nature
of a non-uniform transition 1s less problematic as the user
has already devoted some attention to the windows by
initiating the command. In a similar embodiment, a user who
desires to switch a group of windows can choose to do so
either at a uniform rate across all the windows, or at differing
(e.g., maximum) rates for each window.
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erent windows can transition at
different rates due to differences in size as well as other
window characteristics. In certain embodiments, one or
more controllers are configured to account for differences in
switching speeds based on both of these concepts. For
instance, one or more controllers may {first designate an
initial set of instructions used to transition the windows 1n
the group based on the size of each window. Then, one or
more controllers may modity the individual instructions for
cach window based on the individual transition character-
istics (e.g., lithium i1on mobility, TCO resistivity, contact
resistance at the busbars and/or electrical leads, window
temperature, etc.) for each window.

Reducing Perceived Variance in Tint of a Plurality of Win-
dows

1. Context

Slight variations in the tint of electrochromic windows are
casily perceived by individuals who view two windows
simultaneously, as when windows are placed near each other
in a room or 1n a building fagade. As an example, a building
occupant 1 a room or a lobby might simultaneously see two
or more windows that are intended to be 1n the same tint state
and detect slight differences 1n the tint from one window to
another. This variation between tint states between adjacent
or proximate windows 1s sometimes referred to as “lite to lite
variability” or referring to a problem with “lite to Ilite
matching.”

Transmittance 1s typically used to quantity the visible
radiant energy that passes through a window. For a window,
transmittance 1s the ratio of radiant flux that passes through
a window divided by the radiant flux received by the
window. Transmittance 1s expressed as a decimal between O
and 1, or as a percentage between 0% and 100%. Difliculties
arise¢ 1n quantitying window tint with transmittance mea-
surements because there 1s a non-linear relationship between
transmittance and a perceived difference in window tint. For
example, an electrochromic window transmittance variation
between 5-7% will be percetved by a human as being much
greater than a window transmittance variation between
90-92%. Because of this discrepancy, a measurement of
optical density, or “OD” (sometimes referred to as “absor-
bance” 1n literature), 1s often preferred for electrochromic
devices, as the measurement has a more linear correlation to
perceived changes 1n window tint. Optical density 1s defined
as the absolute value of the common logarithm of transmiut-
tance.

When viewing two or more windows, side-by-side, a
human can typically perceive a difference in window tint
states separated by optical density values of as little as 0.2,
or even 0.15. Referring to the previous example, a window
tint variation between 5-7% transmittance i1s easily percep-
tible, having an OD variation of 0.33, while a window tint
variation between 90-92% transmittance, having an OD
variation of 0.02, would not be noticed by an individual.
While perceptible differences between two windows may
only correlate with a small percentage difference in trans-
mittance (e.g., a variation ol 5-7% transmittance), many
individuals find any perceptible diflerence between win-
dows 1n the same field of view to be objectionable. They
expect that their windows should have the same aesthetics or
otherwise “look™ the same.

From a side-by-side comparison, individuals can detect
minor discrepancies in the tint state between windows, but
outside this context, individuals cannot detect such discrep-
ancies. Variations i window tint typically need to be much
larger for an individual to notice a difference in tint of
windows that are viewed at different times and are not

"y

As noted above, di




US 11,482,147 B2

41

side-by-side. For example, 1f an individual views a first
window 1n a first room and then views a second window in
a different room, with windows having optical densities
varying by 0.4, the individual may not perceive the differ-
ence 1n window tint. Therefore, the 1ssue of perceptible
differences 1n tint between optically switchable windows
arises primarilly 1 the context of windows viewable
together, and particularly windows located side-by-side.

When two or more electrochromic windows are installed
at a location where they can be observed 1n the same field of
view, 1t 1s preferred that variations 1n tint between windows
at the same tint state are sufliciently small that the vanation
1s not detectible by a typical individual. Ideally, processes
for fabricating electrochromic devices should produce
devices that consistently tint at the same optical density,
within the limit of detectable difference for a user viewing
windows side-by-side, such that the windows do not exhibit
visually distracting tint differences. For example, all elec-
trochromic windows intended to tint at a given optical
density should be fabricated such that each window tints to
within a vanation of at most about +/-0.07 from the
intended optical density, or to within a vanation of at most
about +/-0.05, or to at most a variation of about +/-0.03.
This constraint should apply to at least those electrochromic
windows that are to be installed in a fagade or other region
where they can be viewed together by an 1individual at same
time.

Unfortunately, the tolerances associated with electrochro-
mic device Tabrication processes typically result 1n windows
having perceptible differences 1n tint when placed side-by-
side. For example, a process might produce a group of
windows having an optical density variation of 0.4 for a
grven tint state. Variation in tinting between windows results
from the sum of the tolerances in each of the process
parameters due to the manufacturing steps. For example,
consider an electrochromic window fabricated using physi-
cal vapor deposition 1in which each new layer of the device
1s deposited over the previously formed layer to form a stack
of layers functioning as an electrochromic device. Small
variations in each of the device layers, such as variations in
their composition, morphology, thickness, and internal stress
can produce variations in the leakage current (or leakage
current density) between the layers, which impact the win-
dows’ optical density at a given tint state. Of course, the total
leakage current 1s a function of window size. This 1s true
because the leakage current at the window edge, sometimes
referred to as edge loss, 1s typically greater than at interior
regions of the window. Since the eflect of edge loss relates
to the ratio of a window’s perimeter to surface area, win-
dows of similar design, but having different dimensions,
may have a detectible lite to lite variability due to edge loss.
For example a 6'x10" window adjacent to a 1'x1"' window
may have noticeable lite to lite variation because of the
increased eflect of edge loss 1n the 1'x1' window.

Subtle process variations can also aflect the sheet resis-
tance of transparent conducting layers or the resistance in
bus bars leading to a variation in electric potential applied to
the electrochromic device. In another example, variations in
the deposition of lithium and the consequent variations in
the mobility of lithium 1ons between the electrochromic
layers will alter the extent a device will tint or clear under
a particular voltage. In another example, variations 1n laser
scribe processes, such as removal of too much or too little
material, can aflect the electrical performance of the device.
In yet another example, the number of electrical shorts that
have been mitigated by laser circumscription may slightly
change how one device, ostensibly fabricated under the
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same conditions, looks as compared to another next to it,
when both are tinted to what 1s supposed to be the same tint
level.

While the description herein focuses on electrochromic
windows, the concepts apply more generally to any electro-
chromic device. Examples of additional applications include
optically switching mirrors, displays, and the like.

2. Calibrated Drive Parameters for Overcoming Optical
Variations in Electrochromic Devices.

Frequently, the ending tint state, after transition between
tint states, of an electrochromic device 1s defined by a hold
voltage value. As described elsewhere herein, the optical
transitions and ending optical state of an electronic device
collectively can be characterized by a series of drive param-
eters including, 1n some 1implementations, a ramp to drive
voltage, the drnive voltage itself, a ramp to hold voltage, and
the hold voltage 1tself. Upon reaching the hold voltage, the
optical transition 1s complete or nearly complete. During the
time when an electrochromic device resides 1 a particular
tint state, the voltage 1s typically fixed at the hold voltage.
An example of the various drive parameters corresponding
to driving an electrochromic device from clear to tinted 1s
presented 1n FIG. 5. Other drive parameters such as an 1nitial
tinting current limit are described elsewhere herein. Any of
these parameters may be adjusted by calibration procedures
described herein.

A hold voltage 1s normally fixed for each tint state for a
given electrochromic window type. For example, an elec-
trochromic window type and associated control circuitry or
logic may be designed to produce four discrete tint states,
cach with 1ts own specified optical density and associated
hold voltage. The window type may be defined by the
window’s size, shape, electrochromic device configuration,
process recipe, process batch, efc.

As explained, a set of electrochromic windows commonly
exhibits detectable variations 1n optical density for a given
tint state (e.g., a group of the same type of windows may
have a variation 1n OD of 0.4). This variation 1s observed,
¢.g., when each of the electrochromic windows, across
which the variance 1s observed, 1s maintained at the same
hold voltage. That 1s, 1t 1s assumed that since they were all
produced under the same process conditions, that they all
will look alike when held at the same hold voltage. But, as
previously explained, this 1s not generally true.

In accordance with certain embodiments, lite to lite varia-
tion 1s reduced or removed by adjusting a base hold voltage,
which 1s typically set for all windows of a particular type, to
calibrated hold voltages that are tailored for individual
clectrochromic windows. In other words, the hold voltage
for a given tint state 1s adjusted so that the actual window tint
more closely reflects its mtended baseline tint state. This
calibration of hold voltage can be defined for any one or
more tint states 1 a given electrochromic window.

In certain embodiments, the calibrated hold voltage and/
or other drive parameter(s) for individual electrochromic
windows and their individual tint states 1s obtained using
one or more transier functions such as via process 1900
which 1s depicted in FIG. 19. In this process, a transier
function (generated by operations 1901-1904 described else-
where herein) 1s applied to a window selected 1n operation
1905, by measuring one or more window parameters (opera-
tion 1906) and passing input variables to an appropnate
transier function (operation 1907) that calculates one or
more calibrated drive parameters (operation 1908) which are
then used to substitute predetermined drive parameters (op-
eration 1908) allowing a window to reach its intended
baseline state. Transfer functions, as described herein,
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employ one or more measured or derived parameters of the
clectrochromic device under test as input variables, and
provide a voltage or other optical device parameter as an
output variable. In some cases a specified tint state 1s also
passed as an mput variable (e.g. a tint level, an OD, or a
transmissivity). In one example, a measured value of optical
density at a given tint state (e.g., a first, second, or third tint
state) 1s used as an mput varniable. Other examples of 1nput
variables include but are not limited to: optical properties
such as reflectance, refractive index; electrical properties
such as current or voltage responses (e.g., leakage current)
and sheet resistance; and properties such as temperature and
age of the device. In certain embodiments, the calibration 1s
applied 1n windows having more than two tint states, e.g.,
three tint states or four tint states.

In certain embodiments the transfer function has a single
mput variable (e.g., a single OD measurement); 1n other
embodiments the transfer function has a set of variables
(e.g., OD measurements at several tint states). In some
embodiments transier functions employ only one type of
variable mput (e.g., electrical properties), while 1n other
embodiments transfer functions use multiple mput types,
(e.g., an OD measurements and voltage measurements).

In certain embodiments, multiple transfer functions are
provided, such as one for each of the available tint states of
an electrochromic window. In other embodiments, a single
transfer function 1s used for multiple tint states of an
clectrochromic device. In some examples, a single transfer
function 1s used to determine calibrated hold voltages for
cach of the multiple tint states of an electrochromic device,
¢.g., for four different tint states of the electrochromic
device. For example, a transfer function may take a single
OD measurement as its only input variable and provide
calibrated hold voltages for four discrete tint states as output
variables. In certain embodiments, a single input variable 1s
employed by the transfer function which returns a calibrated
hold voltage for one or more tint states of the electrochromic
device for which the variable was measured. In yet another
example, the transfer function employs a single input and
provides a plurality of calibrated optical drive parameters—
not necessarily calibrated hold voltages.

With limited measurements and/or characterization of
individual electrochromic devices, the disclosed methods
can quickly and simply determine calibrated values of hold
voltages. Further, the calibration, and associated measure-
ments ol input variables may be made at various stages of a
window’s life. For example, as indicated in flow chart 1900,
windows can be selected for calibration at any point 1n time
such as when they are manufactured, when a tint discrep-
ancy between two windows 1s noticed, or at periodic inter-
vals taken as the window ages (see operation 1905). In
certain embodiments, the remote monitoring of electrochro-
mic windows and automatic updates to tint parameters with
calibrated values 1s performed using a method such as the
one described 1n PCT application number US2015/019031,
filed Mar. 5, 2015, which 1s incorporated herein by reference
in 1ts enfirety.

In certain embodiments, the calibrated hold voltage 1s
determined when an electrochromic device 1s manufactured.
For example, a custom hold voltage may be determined after
the device 1s fabricated, but before it 1s mcorporated 1n an
insulated glass umt (IGU).

In certain embodiments, calibrated hold voltages are
determined or updated at a later stage 1n a device’s life, e.g.,
alter installation. This may be appropriate 1f there i1s a
physical change in the device resulting in performance
degradation or 1f some factor atlects the device’s response to
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an applied voltage. For example, an electrochromic window
may be exposed to a trauma such as being hit by a baseball
or a bird. Further, some electrochromic window devices may
undergo degradation such as changes 1n an electrical con-
nection between the bus bars and the transparent conductive
layers. In such cases, the response of the electrochromic
device may change over time such that the optical density of
a given tint state deviates from 1ts base setting for a given
hold voltage. In such cases, it may be desirable to determine
or update the calibrated hold voltage at a time after fabri-
cation or installation. In some 1implementations, recalibra-
tion 1s performed after an electrochromic window has been
installed and has been reported to exhibit a tint variance
from other windows 1n a zone.

In certain embodiments, a manual or automated procedure
1s employed to measure an optical property or other input
variable after an electrochromic device 1s installed and in
use (operation 1906). Applying this measurement to a trans-
fer function as an iput variable, a calibrated hold voltage 1s
determined. If the optical density for a tint state 1s measured
as the mput vaniable, this will typically require field testing,
however, 1n some embodiments, an electrochromic window
1s outfitted with sensors that allow the optical density of tint
states to be measured automatically, without direct manual
user intervention. In some embodiments, the transfer func-
tion employs a non-optical independent variable such as
leakage current. In embodiments employing transfer func-
tions having input variables which can be determined auto-
matically, an electrochromic window can be analyzed
remotely, by sending commands to a controller for the
clectrochromic window under consideration and applying
appropriate voltages or currents to measure electrical prop-
erties such as leakage current. These measurements can be
conducted automatically and reported to the logic that
applies the transfer function, step 1908, to automatically
determine an updated value of the hold voltage. In certain
embodiments, the automated measuring and analysis of
installed electrochromic devices 1s performed with a module
or console such as described 1n certain patent applications
assigned to View, Inc. such as PCT application number
WO2015134789A1, filed Mar. 3, 2015, which 1s 1ncorpo-
rated herein by reference 1n 1ts entirety.

In certain embodiments, an end-user of an electrochromic
device may decide to modity the specified optical density for
a particular tint state. For example, an electrochromic win-
dow may be deployed with a first tint state having a specified
transmissivity of 8%, while the end-user would like to
modily the first tint state to a transmissivity of 3%. To
accomplish this at the time of installation or after installa-
tion, the system may employ a window-by-window recali-
bration using a transfer function as described herein to
calculate appropriate calibrated hold voltages (and/or other
drive parameters) for each window. This ensures that the
windows aflected by the modified first tint state have the
appropriate transmissivity (3% transmissivity) within the
tolerance permitted to avoid detectable differences in tint
(e.g., the window-to-window variation 1n optical density 1s
no greater than 0.1 for the modified tint state).

In some embodiments instructions for determining cali-
brated hold voltages and/or values of optical drive param-
eters (including calibrated hold voltages) may be stored 1n a
window controller or 1n a storage device physically con-
nected to a window controller, where the window controller
1s connected to an electrochromic window and provides
voltage for driving transitions and holding optical states for
the electrochromic window. Examples of suitable memory
devices include semiconductor memory, magnetic memory,
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optical memory, and the like. In some cases, the storage
device 1s not located on the window structure, but 1s con-
nected to a window controller by means of a network. For
example, the storage device may reside in a remote location
having a communications link with the window controller.
Examples of remote locations for the storage device include
a master controller on a window network, a publically
available data storage medium (e.g., the cloud), or an
administrative control system such as a console described 1n
patent applications such as PCT application no.
WO20135134789A1, filed Mar. 3, 2015, which 1s incorpo-
rated herein by reference in 1ts entirety. Instructions for
determining the calibrated hold voltage using a transier
function can be written i any conventional computer read-
able programming language such as assembly language, C,
C++, Pascal, Fortran, and the like.

Further, the calibrated drive parameters of the electro-
chromic device are programmed into a window controller or
database, or other memory device at an appropriate time
alter calibration (e.g., alter manufacture but before installa-
tion). In such cases, calibrated hold voltages may be stored
at or shortly after the time when the other drive parameters
are stored for the device 1 question.

The embodiments described herein have focused on
modifications to an applied hold voltage, which controls the
optical density of ending optical states, which typically
remain fixed for relatively long periods of time (compared to
the time for transitions between optical states). In certain
embodiments, other device control parameters such as the
drive voltage can be adjusted for individual windows, mak-
ing the tinting properties of a group of windows more alike
during transition. For example, drive voltages may be cali-
brated for individual windows 1nstalled in the same fagade
such that tint transitions occur at approximately the same
rate. Similarly, ramp parameters may be adjusted or cali-
brated to facilitate tinting at the same rate, window-by-
window. Examples of drive parameters that may be cali-
brated as described herein include tinting voltage ramp rate,
a tinting drive voltage, a tinting ramp to hold voltage, etc.
The drive parameters may also include current-controlled
parameters such as an 1nitial current ramp rate. In general,
and unless otherwise clearly intended by context, when this
disclosure refers to a hold voltage determined by calibration,
the disclosure also applies to drive parameters such as ramp
parameters and drive voltages determined by calibration. By
calibrating one or more of the optical drive parameters, the
method of controlling the transition of optically switchable
devices, as described elsewhere herein, may further improve
window matching. It should be understood that the matching,
may be of any optical parameter (not just optical density). In
one example, tint color 1s matched by calibration.

Some mnput variables may be measured automatically by
the window controller or by other sensing devices attached
to an electrochromic window. Electrical properties such as
leakage current, voltage, and internal resistance may be
monitored with using circuitry associated with a window
controller. In some cases, such as when measuring a tem-
perature, cloud cover, light level, retlectance light level, etc.
additional sensors may be attached to an IGU or sensed
information may be provided over a network. These auto-
mated measurements may employ a console or similar
administrative system such as those described 1n PCT patent
application no. WO2015134789A1, filed Mar. 3, 2015,
which 1s incorporated herein by reference in its entirety.

In cases where optical density 1s measured, manual user
intervention may be required. Optical density 1s typically
measured using software that compares two different light
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intensity measurements recorded by a device with photonic
sensor (e.g., a digital camera with a CCD or CMOS sensor)
of a substantially white light source. A first measurement 1s
taken without the lite between the sensor and light, and a
second measurement 1s taken with the lite between the
sensor and light source. In some cases, these measurements
are simply digital files comprising all the captured light
information provided by a digital camera. The first mea-
surement provides a reference of the radiant flux that 1s
received by the window, and the second measurement pro-
vides the radiant flux that 1s transmitted through the window.
By comparing the radiant energy or light intensity recorded
in these two measurements the transmaissivity and optical
density for a particular tint state of a window can be
determined.

Optical density measurements are typically taken as an
average across the surface of a lite. To record an average
optical density measurement, lenses with an appropriate
aperture and focal length are used to redirect light passing
across the surface of the lite to a sensor. In some instances
when a point light source such as a light bulb 1s used, an
umbrella, white sheet, or some other light diffuser may be
used to reflect light from a source and provide soit lighting
across the surface of the lite. Software 1s then used to
determine an average OD of a lite for a particular tint state.
In some embodiments, software 1s also configured to mea-
sure OD variation across the surface of a light to ensure that
this variation 1s within an acceptable limit. In other embodi-
ments optical density measurements are sumply taken from
a particular region of a lite across multiple devices (e.g.,
along the periphery of a lite).

3. Transier Functions

Transfer functions as described herein, and generated 1n
operation 1904, are mathematical representations that pro-
vide an output, typically a calibrated hold voltage, based
upon at least one input vaniable that has been related
(operation 1903) to the tinting performance of a window
(measured in operation 1902). Transfer functions may be
linear or non-linear in form. In cases where a non-linear
dependence on one or more 1mput variables 1s determined,
transier functions may include logarithmic, exponential, and
polynomial (e.g., order 2 or 3) relationships. Transfer func-
tions may further be time-invanant models that do not
account for degradation, or time-variant models requiring an
input that accounts for the age of the device. In one primary
embodiment, a transfer function takes a form of a linear
time-mvariant (“LTIT”) system.

In general a transier function will be applicable to a
plurality of electrochromic devices. For example, transier
function may apply to several window types found 1n a
structure. However, 1n some cases a transfer function 1s only
applied to devices of a particular design, size, or process
batch. In some embodiments a transfer function may be
tailored for a single device (e.g., a uniquely shaped lite that
1s custom ordered).

A transter function 1s generated by selecting characteriz-
ing one or more windows as a representative training set
(operation 1901), for which the transfer function 1s to be
applied. For example, a transfer function applied to a
particular window type or fabrication batch of windows may
be generated by inspecting a set of at least about ten
windows or at least about twenty windows (e.g., about ten
to twenty windows) of a particular type. Transfer functions
are generated by analyzing information collected by per-
forming a parameter study of optical drive parameters and
measuring the window response (e.g., OD and leakage
current). For example, a transfer function may be generated
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from information collected by measuring the optical density
for a sample set of devices 1n several tint states (e.g., a first
tint state, a second tint state, and a third tint state). Infor-
mation 1s then provided to a software program which
generates one or more transier functions. In general the
transier function generated using any curve fitting technique
including linear regression, non-linear regression, partial
least squares (PLS) regression, and weighted least squares
regression. In some cases, machine learning techniques can
be performed with software environments such as MATLAB
or R to determine optimal relationships for transier functions
comprising one or more mput variables.

By using a transier function to generate calibrated hold
voltages for a set of windows, the variation 1s OD be reduced
to an acceptable limit; e.g., no greater than about 0.2, or no
greater than about 0.135, or no greater than about 0.1 or no
greater than about 0.05. In cases where a transier function 1s
applied to a large set of windows, e.g., twenty windows or
fifty windows or more, the standard deviation of OD mea-
surements 1s significantly reduced as a result of using a
calibrated hold voltage. In some cases the standard deviation
1s reduced by a factor of at least about 2, in others a factor
of at least about 5, and 1n others a factor of at least about 10.
Example Data

An example set of data, shown in FIGS. 18A and 18B,
illustrates how the OD vanation in a sample set of 19
clectrochromic windows was greatly reduced by using cali-
brated hold voltages. The EC windows, as manufactured,
iitially had a large optical density variance that would be
perceptible a typical observer as seen by data set 1801
(represented by diamond symbols on the graph). A first
transier function, having both a hold voltage and a corre-
sponding OD measurement as iput variables, was gener-
ated from a first determined linear relationship between hold
voltages and optical density measurements taken at multiple
tint states. Applying this first transfer function significantly
reduced the variation 1n optical density between the win-
dows as seen by data set 1802 (represented by circles on the
graph). A second relationship between hold voltage and OD
was also determined by relating how the change in voltage
between 1801 and 1802 resulted in a change in OD. Using,
this second relationship, a second transfer function was
generated, having hold voltage and a corresponding OD
measurement as mputs. Applying this second transfer func-
tion, the optical density variance was reduced even further
as shown by data set 1803 (represented by x’s on the graph).
FIG. 18B provides a statistical summary of the effect of
using the first and second transier functions to reduce OD
variance. It 1s clear that significant reduction 1n the optical
density standard deviation 1s realized by applying transfer
functions as described herein.

Controllers for Electrochromic Devices

As dicated, the switchable optical device will have an
associated controller, e.g. a microprocessor that controls and
manages the device depending on the input. It 1s designed or
configured (e.g., programmed) to implement a control algo-
rithm of the types described above. In various embodiments,
the controller detects current and/or voltage levels in the
device and applies current and/or voltage as appropriate. The
controller may also detect current and/or voltage levels to
ensure that the optical device stays within a safe voltage
level and/or safe current level. The controller may also
detect current, voltage, and/or delivered charge levels 1n the
device 1n order to determine an appropriate end point of a
transition. In some cases the controller may detect current,
voltage, and/or delivered charge levels in the device 1n order
to ensure that a transition occurs within a desired timeframe.
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In some cases the controller may detect current, voltage,
and/or delivered charge levels 1n order to control a transition
to a modified end state. In each of these examples, the
controller uses an electrical response or other (often non-
optical) characteristic of the device or transition as feedback
to control an ongoing transition. Further, the controller may
have various additional features such as timers, charge
detectors (e.g., coulomb counters), oscillators, and the like.

In some embodiments, the controller 1s located external to
the device and communicates with the device via a network.
The communication can be direct or indirect (e.g., via an
intermediate node between a master controller and the
device). The communication may be made via wired or a
wireless connection. Various arrangements of external con-
trollers are presented 1n U.S. patent application Ser. No.
13/049,756, naming Brown et al. as inventors, titled “Mul-
tipurpose Controller for Multistate Windows™ and filed on
the same day as the present application, which 1s 1ncorpo-
rated herein by reference in 1ts entirety.

In some embodiment the controller 1s integrated with the
optical device or housing. In a specific embodiment, the
controller 1s integrated in the housing or a seal of an
insulated glass unit (IGU) containing a switchable optical
device. Various arrangements of integrated controllers are
presented 1n U.S. Pat. No. 8,213,074, titled “Onboard Con-
troller for Multistate Windows,” which 1s incorporated
herein by reference 1n 1ts entirety.

In one embodiment, the controller contains various com-
ponents as depicted in FIG. 11. As shown, a controller 1101
includes a power converter configured to convert a low
voltage to the power requirements of an EC device of an EC
pane of an IGU. This power 1s typically fed to the EC device
via a drniver circuit (power driver). In one embodiment,
controller 1101 has a redundant power driver so that 1n the
event one fails, there 1s a backup and the controller need not
be replaced or repaired.

Controller 1101 also includes a communication circuit
(labeled “communication” 1 FIG. 11) for recerving and
sending commands to and from a remote controller (de-
picted in FIG. 11 as “master controller”). The communica-
tion circuit also serves to recerve and send nput to and from
a microcontroller. In one embodiment, the power lines are
also used to send and receive communications, for example,
via protocols such as Ethernet. The microcontroller includes
a logic for controlling the at least one EC pane based, at least
in part, on mput recerved from one or more sensors. In this
example sensors 1-3 are, for example, external to controller
1101, located for example 1n the window frame or proximate
the window frame. In one embodiment, the controller has at
least one or more internal sensors. For example, controller
1101 may also or alternatively have “onboard” sensors 4 and
5. In one embodiment, the controller uses the switchable
optical device as a sensor, for example, by using current-
voltage (I/V) data obtained from sending one or more
clectrical pulses through the EC device and analyzing the
teedback.

In one embodiment, the controller includes a chip, a card
or a board which 1ncludes logic for performing one or more
control functions. Power and communication functions of
controller 1101 may be combined 1 a single chip, for
example, a programmable logic device (PLD) chip, field
programmable gate array (FPGA) and the like. Such inte-
grated circuits can combine logic, control and power func-
tions 1n a single programmable chip. In one embodiment,
where the electrochromic window (or 1GU) has two elec-
trochromic panes, the logic 1s configured to independently
control each of the two electrochromic panes. In one
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embodiment, the function of each of the two electrochromic
panes 1s controlled 1n a synergistic fashion, that is, so that
cach device 1s controlled 1n order to complement the other.
For example, the desired level of light transmission, thermal
insulative effect, and/or other property are controlled via
combination of states for each of the individual devices. For
example, one electrochromic device may be placed 1 a
tinted state while the other 1s used for resistive heating, for
example, via a transparent electrode of the device. In another
example, the optical states of the two electrochromic devices
are controlled so that the combined transmissivity 1s a
desired outcome.

Controller 1101 may also have wireless capabilities, such
as control and powering functions. For example, wireless
controls, such as Rt and/or IR can be used as well as wireless
communication such as Bluetooth, WikFi1, Zigbee, EnOcean
and the like to send instructions to the microcontroller and
for the microcontroller to send data out to, for example,
other window controllers and/or a building management
system (BMS). Wireless communication can be used in the
window controller for at least one of programming and/or
operating the electrochromic window, collecting data from
the electrochromic window from sensors as well as using the
clectrochromic window as a relay point for wireless com-
munication. A controller may include a wireless communi-
cation receiver and/or transmitter for wireless communica-
tion. Data collected from electrochromic windows also may
include count data such as number of times an electrochro-
mic device has been activated (cycled), efliciency of the
electrochromic device over time, and the like.

Also, controller 1101 may have wireless power capability.
That 1s, controller 1101 may have one or more wireless
power receivers, that recerve transmissions from one or
more wireless power transmitters and thus controller 1101
can power the electrochromic window via wireless power
transmission. Wireless power transmission includes, for
example but not limited to, induction, resonance induction,
radio frequency power transier, microwave power transier
and laser power transfer. In one embodiment, power 1is
transmitted to a receiver via radio frequency, and the
receiver converts the power 1nto electrical current utilizing
polarized waves, for example circularly polarized, ellipti-
cally polarized and/or dual polarized waves, and/or various
frequencies and vectors. In another embodiment, power 1s
wirelessly transferred via inductive coupling of magnetic
fields. Exemplary wireless power functions of electrochro-
mic windows 1s described in U.S. patent application Ser. No.
12/971,576, filed Dec. 17, 2010, entitled “Wireless Powered
Electrochromic Windows,” and naming Robert Rozbicki as
inventor, which 1s incorporated by reference herein 1n 1ts
entirety.

Controller 1101 may also include an RFID tag and/or
memory such as solid state serial memory (e.g. 12C or SPI)
which may optionally be programmable memory. Radio-
frequency 1dentification (RFID) involves interrogators (or
readers), and tags (or labels). RFID tags use communication
via electromagnetic waves to exchange data between a
terminal and an object, for example, for the purpose of
identification and tracking of the object. Some RFID tags
can be read from several meters away and beyond the line
of sight of the reader.

RFID tags may contain at least two parts. One 1s an
integrated circuit for storing and processing information,
modulating and demodulating a radio-irequency (R1) signal,
and other specialized functions. The other 1s an antenna for
receiving and transmitting the signal.
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There are three types of RFID tags: passive RFID tags,
which have no power source and require an external elec-
tromagnetic field to mitiate a signal transmission, active
RFID tags, which contain a battery and can transmit signals
once a reader has been successiully 1dentified, and battery
assisted passive (BAP) RFID tags, which require an external
source to wake up but have significant higher forward link
capability providing greater range. RFID has many appli-
cations; for example, 1t 1s used 1n enterprise supply chain
management to improve the efliciency of inventory tracking
and management.

In one embodiment, the RFID tag or other memory 1s
programmed with at least one of the following data: war-
ranty information, installation information, vendor informa-
tion, batch/inventory information, EC device/IGU charac-
teristics, EC device cycling information and customer
information. Examples of EC device and IGU characteristics
include, for example, window voltage (V ;,), window current
(I,;), EC coating temperature (1..), glass visible transmis-
sion (%o T...), % tint command (external analog mput from
BMS), digital input states, and controller status. Each of
these represents upstream information that may be provided
from the controller. Examples of downstream data that may
be provided to the controller include window drive configu-
ration parameters, zone membership (e.g. what zone 1s this
controller part of), % tint value, digital output states, and
digital control (tint, clear, auto, reboot, etc.). Examples of
window drive configuration parameters (sometimes referred
to herein as optical drive parameters of just drive param-
cters) include clear to tinted transition ramp rate, clear to
tinted transition voltage, initial tinting ramp rate, initial
tinting voltage, mitial tinting current limit, tinted hold volt-
age, tinted hold current limit, tinted to clear transition ramp
rate, tinted to clear transition voltage, initial clearing ramp
rate, 1mtial clearing voltage, mnitial clearing current limut,
clear hold voltage, clear hold current limat.

In one embodiment, a programmable memory 1s used 1n
controllers described herein. This programmable memory
can be used 1 lieu of, or 1 conjunction with, RFID
technology. Programmable memory has the advantage of
increased flexibility for storing data related to the IGU to
which the controller 1s matched.

FIG. 12 shows a cross-sectional axonometric view of an
embodiment of an IGU 1202 that includes two window
panes or lites 1216 and a controller 1250. In various embodi-
ments, IGU 1202 can include one, two, or more substantially
transparent (e.g., at no applied voltage) lites 1216 as well as
a frame, 1218, that supports the lites 1216. For example, the
IGU 1202 shown 1n FIG. 12 1s configured as a double-pane

window. One or more of the lites 1216 can 1tself be a
laminate structure of two, three, or more layers or lites (e.g.,
shatter-resistant glass similar to automotive windshield
glass). In IGU 1202, at least one of the lites 1216 includes
an electrochromic device or stack, 1220, disposed on at least
one of 1ts inner surface, 1222, or outer surface, 1224: for
example, the nner surface 1222 of the outer lite 1216.

In multi-pane configurations, each adjacent set of lites
1216 can have an interior volume, 1226, disposed between
them. Generally, each of the lites 1216 and the IGU 1202 as
a whole are rectangular and form a rectangular solid. How-
ever, 1n other embodiments other shapes (e.g., circular,
clliptical, triangular, curvilinear, convex, concave) may be
desired. In some embodiments, the volume 1226 between
the lites 1216 1s evacuated of air. In some embodiments, the
IGU 1202 1s hermetically-sealed. Additionally, the volume
1226 can be filled (to an appropriate pressure) with one or
more gases, such as argon (Ar), krypton (Kr), or xenon (Xn),
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for example. Filling the volume 1226 with a gas such as Ar,
Kr, or Xn can reduce conductive heat transier through the
IGU 1202 because of the low thermal conductivity of these
gases. The latter two gases also can impart improved acous-
tic msulation due to their increased weight.

In some embodiments, frame 1218 1s constructed of one
or more pieces. For example, frame 1218 can be constructed
ol one or more materials such as vinyl, PVC, aluminum (Al),
steel, or fiberglass. The frame 1218 may also include or hold
one or more foam or other material pieces that work 1n
conjunction with frame 1218 to separate the lites 1216 and
to hermetically seal the volume 1226 between the lites 1216.
For example, 1n a typical IGU implementation, a spacer lies
between adjacent lites 1216 and forms a hermetic seal with
the panes 1n conjunction with an adhesive sealant that can be
deposited between them. This 1s termed the primary seal,
around which can be fabricated a secondary seal, typically
of an additional adhesive sealant. In some such embodi-

ments, frame 1218 can be a separate structure that supports
the IGU construct.

Each lite 1216 includes a substantially transparent or
translucent substrate, 1228. Generally, substrate 1228 has a
first (e.g., mner) surface 1222 and a second (e.g., outer)
surface 1224 opposite the first surface 1222. In some
embodiments, substrate 1228 can be a glass substrate. For
example, substrate 1228 can be a conventional silicon oxide
(SO, )-based glass substrate such as soda-lime glass or float
glass, composed of, for example, approximately 75% silica
(S10,) plus Na,O, CaO, and several minor additives. How-
ever, any material having suitable optical, electrical, ther-
mal, and mechanical properties may be used as substrate
1228. Such substrates also can include, for example, other
glass materials, plastics and thermoplastics (e.g., poly(m-
cthyl methacrylate), polystyrene, polycarbonate, allyl digly-
col carbonate, SAN (styrene acrylonitrile copolymer), poly
(4-methyl-1-pentene), polyester, polyamide), or mirror
materials. If the substrate 1s formed from, for example, glass,
then substrate 1228 can be strengthened, e.g., by tempering,
heating, or chemically strengthening. In other implementa-
tions, the substrate 1228 1s not further strengthened, e.g., the
substrate 1s untempered.

In some embodiments, substrate 1228 1s a glass pane sized
for residential or commercial window applications. The size
of such a glass pane can vary widely depending on the
specific needs of the residence or commercial enterprise. In
some embodiments, substrate 1228 can be formed of archi-
tectural glass. Architectural glass 1s typically used 1mn com-
mercial buildings, but also can be used in residential build-
ings, and typically, though not necessarily, separates an
indoor environment from an outdoor environment. In certain
embodiments, a suitable architectural glass substrate can be
at least approximately 20 inches by approximately 20
inches, and can be much larger, for example, approximately
80 1nches by approximately 120 inches, or larger. Architec-
tural glass 1s typically at least about 2 millimeters (mm)
thick and may be as thick as 6 mm or more. Of course,
clectrochromic devices 1220 can be scalable to substrates
1228 smaller or larger than architectural glass, including 1n
any or all of the respective length, width, or thickness
dimensions. In some embodiments, substrate 1228 has a
thickness 1n the range of approximately 1 mm to approxi-
mately 10 mm. In some embodiments, substrate 1228 may
be very thin and flexible, such as Gorilla Glass® or Wil-
low™ QGlass, each commercially available from Corning,
Inc. of Corning, N.Y., these glasses may be less than 1 mm
thick, as thin as 0.3 mm thick.
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Electrochromic device 1220 1s disposed over, for
example, the inner surface 1222 of substrate 1228 of the
outer pane 1216 (the pane adjacent the outside environ-
ment). In some other embodiments, such as in cooler cli-
mates or applications in which the IGUs 1202 receive
greater amounts of direct sunlight (e.g., perpendicular to the
surface of electrochromic device 1220), 1t may be advanta-
geous for electrochromic device 1220 to be disposed over,
for example, the inner surface (the surface bordering the
volume 1226) of the mner pane adjacent the interior envi-
ronment. In some embodiments, electrochromic device 1220
includes a first conductive layer (CL) 1230 (often transpar-
ent), a cathodically coloring layer 1232, often referred to as
an electrochromic layer (EC) 1232, an 10n conducting layer
(IC) 1234, an anodically coloring layer 1236, often referred
to as a counter electrode layer (CE) 1236, and a second
conductive layer (CL) 1238 (often transparent). Again, lay-
ers 1230, 1232, 1234, 1236, and 1238 are also collectively
referred to as electrochromic stack 1220.

A power source 1240 operable to apply an electric poten-
tial (V) to the device and produce V_across a thickness
of electrochromic stack 1220 and drive the transition of the
clectrochromic device 1220 from, for example, a clear or
lighter state (e.g., a transparent, semitransparent, or trans-
lucent state) to a tinted or darker state (e.g., a tinted, less
transparent or less translucent state). In some other embodi-
ments, the order of layers 1230, 1232, 1234, 1236, and 1238
can be reversed or otherwise reordered or rearranged with
respect to substrate 1228.

In some embodiments, one or both of first conductive
layer 1230 and second conductive layer 1238 1s formed from
an 1morganic and solid material. For example, first conduc-
tive layer 1230, as well as second conductive layer 1238, can
be made from a number of different materials, including
conductive oxides, thin metallic coatings, conductive metal
nitrides, and composite conductors, among other suitable
materials. In some embodiments, conductive layers 1230
and 1238 are substantially transparent at least in the range of
wavelengths where electrochromism 1s exhibited by the
clectrochromic layer 1232. Transparent conductive oxides
include metal oxides and metal oxides doped with one or
more metals. For example, metal oxides and doped metal
oxides suitable for use as first or second conductive layers
1230 and 1238 can include indium oxide, indium tin oxide
(ITO), doped indium oxide, tin oxide, doped tin oxide, zinc
oxide, aluminum zinc oxide, doped zinc oxide, ruthenium
oxide, doped ruthenium oxide, among others. As indicated
above, first and second conductive layers 230 and 238 are
sometimes referred to as “transparent conductive oxide”
(TCO) layers.

In some embodiments, commercially available substrates,
such as glass substrates, already contain a transparent con-
ductive layer coating when purchased. In some embodi-
ments, such a product can be used for both substrate 1238
and conductive layer 1230 collectively. Examples of such
glass substrates include conductive layer-coated glasses sold

under the trademark TEC Glass™ by Pilkington, of Toledo,
Ohio and SUNGATE™ 300 and SUNGATE™ 500 by PPG
Industries of Pittsburgh, Pa. Specifically, TEC Glass™ is,
for example, a glass coated with a fluorinated tin oxide
conductive layer.

In some embodiments, first or second conductive layers
1230 and 1238 can each be deposited by physical vapor
deposition processes including, for example, sputtering. In
some embodiments, first and second conductive layers 1230
and 1238 can each have a thickness 1n the range of approxi-
mately 0.01 um to approximately 1 um. In some embodi-
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ments, 1t may be generally desirable for the thicknesses of
the first and second conductive layers 1230 and 1238 as well
as the thicknesses of any or all of the other layers described
below to be individually uniform with respect to the given
layer; that 1s, that the thickness of a given layer 1s uniform
and the surfaces of the layer are smooth and substantially
free of defects or other ion traps.

A primary function of the first and second conductive
layers 1230 and 1238 i1s to spread an electric potential
provided by a power source 1240, such as a voltage or
current source, over surfaces of the electrochromic stack
1220 from outer surface regions of the stack to inner surface
regions of the stack. As mentioned, the voltage applied to the
clectrochromic device experiences some Ohmic potential
drop from the outer regions to the inner regions as a result
ol a sheet resistance of the first and second conductive layers
1230 and 1238. In the depicted embodiment, bus bars 1242
and 1244 are provided with bus bar 1242 1n contact with
conductive layer 1230 and bus bar 1244 in contact with
conductive layer 1238 to provide electric connection
between the voltage or current source 1240 and the conduc-
tive layers 1230 and 1238. For example, bus bar 1242 can be
clectrically coupled with a first (e.g., positive) terminal 1246
of power source 1240 while bus bar 1244 can be electrically
coupled with a second (e.g., negative) terminal 1248 of
power source 1240.

In some embodiments, IGU 1202 includes a plug-in
component 1250. In some embodiments, plug-in component
1250 includes a first electrical input 1252 (e.g., a pin, socket,
or other electrical connector or conductor) that 1s electrically
coupled with power source terminal 1246 via, for example,
one or more wires or other electrical connections, compo-
nents, or devices. Similarly, plug-in component 1250 can
include a second electrical mput 1254 that 1s electrically
coupled with power source terminal 1248 via, for example,
one or more wires or other electrical connections, compo-
nents, or devices. In some embodiments, first electrical input
1252 can be electrically coupled with bus bar 1242, and
from there with first conductive layer 1230, while second
clectrical input 1254 can be coupled with bus bar 1244, and
from there with second conductive layer 1238. The conduc-
tive layers 1230 and 1238 also can be connected to power
source 1240 with other conventional means as well as
according to other means described below with respect to a
window controller. For example, as described below with
reference to FIG. 13, first electrical mput 1252 can be
connected to a first power line while second electrical input
1254 can be connected to a second power line. Additionally,
in some embodiments, third electrical mput 1256 can be
coupled to a device, system, or building ground. Further-
more, 1n some embodiments, fourth and fifth electrical
inputs/outputs 1258 and 1260, respectively, can be used for
communication between, for example, a window controller
or microcontroller and a network controller.

In some embodiments, electrical mput 1252 and electrical
input 1254 receive, carry, or transmit complementary power
signals. In some embodiments, electrical input 1252 and 1ts
complement electrical mput 1254 can be directly connected
to the bus bars 1242 and 1244, respectively, and on the other
side, to an external power source that provides a variable DC
voltage (e.g., sign and magnitude). The external power
source can be a window controller (see element 1314 of FIG.
13) 1tself, or power from a building transmitted to a window
controller or otherwise coupled to electrical inputs 1252 and
1254. In such an embodiment, the electrical signals trans-
mitted through electrical inputs/outputs 1238 and 1260 can
be directly connected to a memory device to allow commu-
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nication between the window controller and the memory
device. Furthermore, in such an embodiment, the electrical
signal 1mput to electrical mput 1256 can be internally con-
nected or coupled (within IGU 1202) to either electrical
iput 1252 or 1254 or to the bus bars 1242 or 1244 in such
a way as to enable the electrical potential of one or more of
those elements to be remotely measured (sensed). This can
allow the window controller to compensate for a voltage
drop on the connecting wires from the window controller to
the electrochromic device 1220.

In some embodiments, the window controller can be
immediately attached (e.g., external to the IGU 1202 but
inseparable by the user) or integrated within the IGU 1202.
For example, U.S. Pat. No. 8,213,074, incorporated by
reference above, describes 1n detail various embodiments of
an “onboard” controller. In such an embodiment, electrical
mput 1252 can be connected to the positive output of an
external DC power source. Similarly, electrical input 1254
can be connected to the negative output of the DC power
source. As described below, however, electrical inputs 1252
and 1254 can, alternately, be connected to the outputs of an
external low voltage AC power source (e.g., a typical 24 V
AC transtormer common to the HVAC industry). In such an
embodiment, electrical inputs/outputs 1258 and 1260 can be
connected to the communication bus between the window
controller and a network controller. In this embodiment,
clectrical iput/output 1256 can be eventually (e.g., at the
power source) connected with the earth ground (e.g., Pro-
tective Earth, or PE in FEurope) terminal of the system.

Although the applied voltages may be provided as DC
voltages, 1n some embodiments, the voltages actually sup-
plied by the external power source are AC voltage signals.
In some other embodiments, the supplied voltage signals are
converted to pulse-width modulated voltage signals. How-
ever, the voltages actually “seen” or applied to the bus bars
1242 and 1244 are eflectively DC voltages. Typically, the
voltage oscillations applied at terminals 1246 and 1248 are
in the range of approximately 1 Hz to 1 MHz, and 1n
particular embodiments, approximately 100 kHz. In various
embodiments, the oscillations have asymmetric residence
times for the darkening (e.g., tinting) and lightening (e.g.,
clearing) portions of a period. For example, in some embodi-
ments, transitioning from a first less transparent state to a
second more transparent state requires more time than the
reverse; that 1s, transitioning from the more transparent
second state to the less transparent first state. As will be
described below, a controller can be designed or configured
to apply a driving voltage meeting these requirements.

The oscillatory applied voltage control allows the elec-
trochromic device 1220 to operate 1n, and transition to and
from, one or more states without any necessary modification
to the electrochromic device stack 1220 or to the transition-
ing time. Rather, the window controller can be configured or
designed to provide an oscillating drive voltage of appro-
priate wave profile, taking into account such factors as
frequency, duty cycle, mean voltage, amplitude, among
other possible suitable or appropriate factors. Additionally,
such a level of control permits the transitioning to any state
over the full range of optical states between the two end
states. For example, an appropriately configured controller
can provide a continuous range ol transmissivity (% T)
which can be tuned to any value between end states (e.g.,
opaque and clear end states).

To drive the device to an intermediate state using the
oscillatory driving voltage, a controller could simply apply
the appropriate intermediate voltage. However, there can be
more eflicient ways to reach the intermediate optical state.




US 11,482,147 B2

3

This 1s partly because high driving voltages can be applied
to reach the end states but are traditionally not applied to
reach an intermediate state. One technique for increasing the
rate at which the electrochromic device 1220 reaches a
desired intermediate state 1s to first apply a high voltage
pulse suitable for full transition (to an end state) and then
back off to the voltage of the oscillating intermediate state
(just described). Stated another way, an iitial low-ire-
quency single pulse (low in comparison to the frequency
employed to maintain the intermediate state) of magnitude
and duration chosen for the intended final state can be
employed to speed the transition. After this mnitial pulse, a
higher frequency voltage oscillation can be employed to
sustain the intermediate state for as long as desired.

In some embodiments, each IGU 1202 includes a com-
ponent 1250 that 1s “pluggable” or readily-removable from
IGU 1202 (e.g., for ease of maintenance, manufacture, or
replacement). In some particular embodiments, each plug-in
component 1250 itself includes a window controller. That 1s,
in some such embodiments, each electrochromic device
1220 1s controlled by 1ts own respective local window
controller located within plug-in component 1250. In some
other embodiments, the window controller 1s integrated with
another portion of frame 1218, between the glass panes 1n
the secondary seal area, or within volume 1226. In some
other embodiments, the window controller can be located
external to IGU 1202. In various embodiments, each win-
dow controller can communicate with the 1GUs 1202 1t
controls and drives, as well as communicate to other window
controllers, the network controller, BMS, or other servers,
systems, or devices (e.g., sensors), via one or more wired
(e.g., Ethernet) networks or wireless (e.g., WikF1) networks,
for example, via wired (e.g., Ethernet) interface 1263 or
wireless (WiF1) interface 1265. See FIG. 13. Embodiments
having Ethernet or Wifl capabilities are also well-suited for
use 1n residential homes and other smaller-scale non-com-
mercial applications. Additionally, the communication can
be direct or indirect, e.g., via an intermediate node between
a master controller such as network controller 1312 and the
IGU 1202.

FIG. 13 depicts a window controller 1314, which may be
deployed as, for example, component 1250. In some
embodiments, window controller 1314 communicates with a
network controller over a communication bus 1262. For
example, communication bus 1262 can be designed accord-
ing to the Controller Area Network (CAN) vehicle bus
standard. In such embodiments, first electrical mput 1252
can be connected to a first power line 1264 while second
clectrical 1input 1254 can be connected to a second power
line 1266. In some embodiments, as described above, the
power signals sent over power lines 1264 and 1266 are
complementary; that 1s, collectively they represent a difler-
ential signal (e.g., a differential voltage signal). In some
embodiments, line 1268 1s coupled to a system or building
ground (e.g., an Earth Ground). In such embodiments,
communication over CAN bus 1262 (¢.g., between micro-
controller 1274 and network controller 1312) may proceed
along first and second communication lines 1270 and 1272
transmitted through electrical inputs/outputs 1258 and 1260,
respectively, according to the CANopen communication
protocol or other suitable open, proprietary, or overlying
communication protocol. In some embodiments, the com-
munication signals sent over commumnication lines 1270 and
12772 are complementary; that 1s, collectively they represent
a differential signal (e.g., a diflerential voltage signal).

In some embodiments, component 1250 couples CAN
communication bus 1262 into window controller 1314, and
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in particular embodiments, into microcontroller 1274. In
some such embodiments, microcontroller 1274 1s also con-
figured to implement the CANopen communication proto-
col. Microcontroller 1274 1s also designed or configured
(e.g., programmed) to implement one or more drive control
algorithms i1n conjunction with pulse-width modulated
amplifier or pulse-width modulator (PWM) 1276, smart
logic 1278, and signal conditioner 1280. In some embodi-
ments, microcontroller 1274 1s configured to generate a
command signal V 51,5, €.2., 10 the form of a voltage
signal, that 1s then transmitted to PWM 1276. PWM 1276,
in turn, generates a pulse-width modulated power signal,
including first (e.g., positive) component V ., and second
(e.g., negative) component V.., based on V . :n inn-
Power signals V., and V .., are then transmitted over, for
example, interface 1288, to IGU 1202, or more particularly,
to bus bars 1242 and 1244 i order to cause the desired
optical transitions in electrochromic device 1220. In some
embodiments, PWM 1276 1s configured to modily the duty
cycle of the pulse-width modulated signals such that the
durations of the pulses 1n signals V., and V.., are not
equal: for example, PWM 1276 pulses V .,;, with a first 60%
duty cycle and pulses V.., tor a second 40% duty cycle.
The duration of the first duty cycle and the duration of the
second duty cycle collectively represent the duration, t,;;,,
of each power cycle. In some embodiments, PWM 1276 can
additionally or alternatively modily the magnitudes of the
signal pulses V., and V...

In some embodiments, microcontroller 1274 1s configured
to generate V ., 1as4nvp Dased on one or more factors or
signals such as, for example, any of the signals received over
CAN bus 1262 as well as voltage or current feedback
signals, V. and 1., respectively, generated by PWM 1276.
In some embodiments, microcontroller 1274 determines
current or voltage levels 1n the electrochromic device 1220
based on feedback signals 1.5 or V.5, respectively, and
adjusts V ~ormaran according to one or more rules or algo-
rithms described above to eflect a change in the relative
pulse durations (e.g., the relative durations of the first and
second duty cycles) or amplitudes of power signals V.,
and V.~ to produce voltage profiles as described above.
Additionally or alternatively, microcontroller 1274 can also
adjust V ~ a1 ms4 v I TESpoOnse to signals received from smart
logic 1278 or signal conditioner 1280. For example, a
conditioning signal V ., can be generated by signal con-
ditioner 1280 1n response to feedback from one or more
networked or non-networked devices or sensors, such as, for
example, an exterior photosensor or photodetector 1282, an
interior photosensor or photodetector 1284, a thermal or
temperature sensor 1286, or a tint command signal V .. For
example, additional embodiments of signal conditioner 1280
and V ., are also described in U.S. Pat. No. 8,705,162,
which 1s herein incorporated by reference.

In certain embodiments, V. can be an analog voltage
signal between 0 V and 10 V that can be used or adjusted by
users (such as residents or workers) to dynamically adjust
the tint of an IGU 1202 (for example, a user can use a control
in a room or zone of building similarly to a thermostat to
finely adjust or modity a tint of the IGUs 1202 1n the room
or zone) thereby 1ntroducing a dynamic user input nto the
logic within microcontroller 1274 that determines
V cormrann. FOr €xample, when set 1n the 0 to 2.5 V range,
V .~ can be used to cause a transition to a 5% T state, while
when set 1n the 2.51 to 5 V range, V -~ can be used to cause
a transition to a 20% T state, and similarly for other ranges
such as 5.1 to 7.5 Vand 7.51 to 10 V, among other range and
voltage examples. In some embodiments, signal conditioner
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1280 receives the atorementioned signals or other signals
over a communication bus or interface 1290. In some
embodiments, PWM 1276 also generates V -, m.420 based
on a signal V., ., »-received from smart logic 1278. In some
embodiments, smart logic 1278 transmits V., ,~- Over a
communication bus such as, for example, an Inter-Integrated
Circuit (I°C) multi-master serial single-ended computer bus.
In some other embodiments, smart logic 1278 communi-
cates with memory device 1292 over a 1-WIRE device
communications bus system protocol (by Dallas Semicon-
ductor Corp., of Dallas, Tex.).

In some embodiments, microcontroller 1274 includes a
processor, chip, card, or board, or a combination of these,
which includes logic for performing one or more control
functions. Power and communication functions ol micro-
controller 1274 may be combined 1n a single chip, for
example, a programmable logic device (PLD) chip or field
programmable gate array (FPGA), or similar logic. Such
integrated circuits can combine logic, control and power

functions 1n a single programmable chip. In one embodi-
ment, where one pane 1216 has two electrochromic devices
1220 (e.g., on opposite surfaces) or where 1GU 1202
includes two or more panes 1216 that each include an
clectrochromic device 1220, the logic can be configured to
control each of the two electrochromic devices 1220 1nde-
pendently from the other. However, in one embodiment, the
function of each of the two electrochromic devices 1220 1s
controlled 1n a synergistic fashion, for example, such that
cach device 1s controlled 1n order to complement the other.
For example, the desired level of light transmission, thermal
isulative effect, or other property can be controlled via a
combination of states for each of the individual electrochro-
mic devices 1220. For example, one electrochromic device
may be placed 1n a tinted state while the other 1s used for
resistive heating, for example, via a transparent electrode of
the device. In another example, the optical states of the two
clectrochromic devices are controlled so that the combined
transmissivity 1s a desired outcome.

In general, the logic used to control electrochromic device
transitions can be designed or configured 1n hardware and/or
software. In other words, the 1nstructions for controlling the
drive circuitry may be hard coded or provided as software.
It may be said that the instructions are provided by “pro-
gramming.” Such programming i1s understood to include
logic of any form including hard coded logic 1n digital signal
processors and other devices which have specific algorithms
implemented as hardware. Programming 1s also understood
to 1nclude software or firmware instructions that may be
executed on a general purpose processor. In some embodi-
ments, instructions for controlling application of voltage to
the bus bars are stored on a memory device associated with
the controller or are provided over a network. Examples of
suitable memory devices include semiconductor memory,
magnetic memory, optical memory, and the like. The com-
puter program code for controlling the applied voltage can
be written 1n any conventional computer readable program-
ming language such as assembly language, C, C++, Pascal,
Fortran, and the like. Compiled object code or script is
executed by the processor to perform the tasks identified 1n
the program.

As described above, 1n some embodiments, microcon-
troller 1274, or window controller 1314 generally, also can
have wireless capabilities, such as wireless control and
powering capabilities. For example, wireless control signals,
such as radio-frequency (RF) signals or infra-red (IR) sig-
nals can be used, as well as wireless communication proto-
cols such as WiF1 (mentioned above), Bluetooth, Zigbee,
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EnOcean, among others, to send instructions to the micro-
controller 1274 and for microcontroller 1274 to send data
out to, for example, other window controllers, a network
controller 1312, or directly to a BMS 1310. In various
embodiments, wireless communication can be used for at
least one of programming or operating the electrochromic
device 1220, collecting data or receiving mnput from the
clectrochromic device 1220 or the IGU 1202 generally,
collecting data or receiving put from sensors, as well as
using the window controller 1314 as a relay point for other
wireless communications. Data collected from IGU 1202
also can include count data, such as a number of times an
clectrochromic device 1220 has been activated (cycled), an
elliciency of the electrochromic device 1220 over time,
among other usetul data or performance metrics.

The window controller 1314 also can have wireless power
capability. For example, window controller can have one or
more wireless power receivers that receive transmissions
from one or more wireless power transmitters as well as one
or more wireless power transmitters that transmit power
transmissions enabling window controller 1314 to receive
power wirelessly and to distribute power wirelessly to
clectrochromic device 1220. Wireless power transmission
includes, for example, induction, resonance induction, RF
power transier, microwave power transier, and laser power
transfer. For example, U.S. patent application Ser. No.
12/971,576 naming Rozbicki as inventor, titled “WIRE-
LESS POWERED ELECTROCHROMIC WINDOWS,”
and filed 17 Dec. 2010, incorporated by reference above,
describes 1n detail various embodiments of wireless power
capabilities.

In order to achieve a desired optical transition, the pulse-
width modulated power signal 1s generated such that the
positive component V., 1s supplied to, for example, bus
bar 1244 during the first portion of the power cycle, while
the negative component V., 1s supplied to, for example,
bus bar 1242 during the second portion of the power cycle.

In some cases, depending on the frequency (or imversely
the duration) of the pulse-width modulated signals, this can
result in bus bar 1244 floating at substantially the fraction of
the magnitude of V,;,, that 1s given by the ratio of the
duration of the first duty cycle to the total duration t,,,, of
the power cycle. Similarly, this can result in bus bar 1242
floating at substantially the fraction of the magnitude of
V .- that 1s given by the ratio of the duration of the second
duty cycle to the total duration t,;,, of the power cycle. In
this way, in some embodiments, the diflerence between the
magnitudes of the pulse-width modulated signal compo-
nents V., and V..., 1s twice the eflective DC voltage
across terminals 1246 and 1248, and consequently, across
clectrochromic device 1220. Said another way, in some
embodiments, the difference between the fraction (deter-
mined by the relative duration of the first duty cycle) of
V .+ applied to bus bar 1244 and the fraction (determined
by the relative duration of the second duty cycle) of V-,
applied to bus bar 1242 1s the eftective DC voltage V..
applied to electrochromic device 1220. The current IEFF
through the load—electromagnetic device 1220—1s roughly
equal to the effective voltage VEFF divided by the effective
resistance or impedance of the load.

Those of ordinary skill 1n the art will also understand that
this description 1s applicable to various types of drive
mechanism 1ncluding fixed voltage (fixed DC), fixed polar-
ity (time varying DC) or a reversing polarity (AC, MF, RF
power etc. with a DC baas).

The controller may be configured to monitor voltage
and/or current from the optically switchable device. In some
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embodiments, the controller 1s configured to calculate cur-
rent by measuring voltage across a known resistor in the
driving circuit. Other modes of measuring or calculating
current may be employed. These modes may be digital or
analog.

Electrochromic Devices

For context, examples of electrochromic device designs
now will be described. FIG. 14 schematically depicts an
clectrochromic device 1400 1n cross-section. Electrochro-
mic device 1400 includes a substrate 1402, a first conductive
layer (CL) 1404, a cathodically coloring electrochromic
layer (EC) 1406, an 1on conducting layer (IC) 1408, an
anodically coloring counter electrode layer (CE) 1410, and
a second conductive layer (CL), 1414. Layers 1404, 1406,
1408, 1410, and 1414 are collectively referred to as an
clectrochromic stack 1420. A voltage source 1416 operable
to apply an electric potential across electrochromic stack
1420 eflects the transition of the electrochromic device
from, for example, a clear state to a tinted state (depicted).
The order of layers can be reversed with respect to the
substrate.

Electrochromic devices having distinct layers as
described can be fabricated as all solid state and/or all
inorganic devices with low defectivity. Such devices and
methods of fabricating them are described 1n more detail in
U.S. patent application Ser. No. 12/645,111, entitled, “Fab-
rication of Low-Defectivity Electrochromic Devices,” filed
on Dec. 22, 2009 and naming Mark Kozlowski et al. as
inventors, and in U.S. Pat. No. 8,432,603, entitled, “Flec-
trochromic Devices,” filed on Dec. 22, 2009 and naming
Zhongchun Wang et al. as inventors, both of which are
incorporated by reference herein for all purposes. It should
be understood, however, that any one or more of the layers
in the stack may contain some amount of organic material.
The same can be said for liquids that may be present 1n one
or more layers 1 small amounts. It should also be under-
stood that solid state material may be deposited or otherwise
formed by processes employing liquid components such as
certain processes employing sol-gels or chemical vapor
deposition.

In embodiments described herein, the electrochromic
device reversibly cycles between a clear state and a tinted
state. In some cases, when the device 1s 1n a clear state, a
potential 1s applied to the electrochromic stack 1420 such
that available 10ns 1n the stack reside primarily 1n the counter
clectrode 1410. When the potential on the electrochromic
stack 1s reversed, the 1ons are transported across the 1on
conducting layer 1408 to the electrochromic material 1406
and cause the material to transition to the tinted state.

Referring again to FIG. 14, voltage source 1416 may be
configured to operate 1n conjunction with radiant and other
environmental sensors. As described herein, voltage source
1416 interfaces with a device controller (not shown 1n this
figure). Additionally, voltage source 1416 may interface
with an energy management system that controls the elec-
trochromic device according to various criteria such as the
time of year, time of day, and measured environmental
conditions. Such an energy management system, 1n conjunc-
tion with large area electrochromic devices (e.g., an elec-
trochromic window), can dramatically lower the energy
consumption of a building.

Any material having suitable optical, electrical, thermal,
and mechanical properties may be used as substrate 1402.
Such substrates include, for example, glass, plastic, and
mirror materials. Suitable glasses include either clear or
tinted soda lime glass, including soda lime float glass. The
glass may be tempered or untempered.
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In many cases, the substrate 1s a glass pane sized for
residential window applications. The size of such glass pane
can vary widely depending on the specific needs of the
residence. In other cases, the substrate 1s architectural glass.
Architectural glass 1s typically used in commercial build-
ings, but may also be used in residential buildings, and
typically, though not necessarily, separates an imndoor envi-
ronment from an outdoor environment. In certain embodi-
ments, architectural glass 1s at least 20 inches by 20 inches,
and can be much larger, for example, as large as about 80
inches by 120 inches. Architectural glass 1s typically at least
about 2 mm thick. Of course, electrochromic devices are
scalable to substrates smaller or larger than architectural
glass. Further, the electrochromic device may be provided
on a mirror of any size and shape.

On top of substrate 1402 1s conductive layer 1404. In
certain embodiments, one or both of the conductive layers
1404 and 1414 1s morganic and/or solid. Conductive layers
1404 and 1414 may be made from a number of different
materials, mcluding conductive oxides, thin metallic coat-
ings, conductive metal nitrides, and composite conductors.
Typically, conductive layers 1404 and 1414 are transparent
at least 1n the range of wavelengths where electrochromism
1s exhibited by the electrochromic layer. Transparent con-
ductive oxides include metal oxides and metal oxides doped
with one or more metals. Examples of such metal oxides and
doped metal oxides include indium oxide, indium tin oxide,
doped indium oxide, tin oxide, doped tin oxide, zinc oxide,
aluminum zinc oxide, doped zinc oxide, ruthenium oxide,
doped ruthenium oxide and the like. Since oxides are often
used for these layers, they are sometimes referred to as
“transparent conductive oxide” (1TCO) layers. Thin metallic
coatings that are substantially transparent may also be used.

The function of the conductive layers i1s to spread an
clectric potential provided by voltage source 1416 over
surfaces of the electrochromic stack 1420 to interior regions
of the stack, with relatively little ohmic potential drop. The
clectric potential 1s transferred to the conductive layers
though electrical connections to the conductive layers. In
some embodiments, bus bars, one 1n contact with conductive
layer 1404 and one 1n contact with conductive layer 1414,
provide the electric connection between the voltage source
1416 and the conductive layers 1404 and 1414. The con-
ductive layers 1404 and 1414 may also be connected to the
voltage source 1416 with other conventional means.

Overlaying conductive layer 1404 is electrochromic layer
1406. In some embodiments, electrochromic layer 1406 1s
inorganic and/or solid. The cathodically colorning electro-
chromic layer may contain any one or more ol a number of
different cathodically coloring electrochromic materials,
including metal oxides. Such metal oxides include tungsten
oxide (WO,;), molybdenum oxide (MoQO,), niobium oxide
(Nb,O.), titanium oxide (110,), copper oxide (CuO),
iridium oxide (Ir,O,), chromium oxide (Cr,0,), manganese
oxide (Mn,0O;), vanadium oxide (V,0:), mickel oxide
(N1,0,), cobalt oxide (Co,0,) and the like. During opera-
tion, cathodically coloring electrochromic layer 1406 trans-
fers 1ons to and receives i1ons from anodically coloring
counter electrode layer 1410 to cause optical transitions.

Generally, the tinting (or change 1n any optical property—
for example, absorbance, reflectance, and transmittance) of
the electrochromic material 1s caused by reversible 1on
insertion into the material (for example, intercalation) and a
corresponding 1njection of a charge balancing electron.
Typically some fraction of the 1ons responsible for the
optical transition 1s irreversibly bound up 1n the electrochro-
mic material. Some or all of the rreversibly bound 10ons are
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used to compensate “blind charge” in the material. In most
electrochromic matenials, suitable 10ns include lithium 10ns
(L1") and hydrogen ions (H™) (that 1s, protons). In some
cases, however, other i1ons will be suitable. In wvarious
embodiments, lithium 1ons are used to produce the electro-
chromic phenomena. Intercalation of lithium 10ns 1nto tung-
sten oxide (WO,_(0<y=~0.3)) causes the tungsten oxide to
change from transparent (clear state) to blue (tinted state).

Referring again to FIG. 14, in electrochromic stack 1420,
ion conducting layer 1408 1s sandwiched between electro-
chromic layer 1406 and counter electrode layer 1410. In
some embodiments, counter electrode layer 1410 1s 1nor-
ganic and/or solid. The counter electrode layer may com-
prise one or more ol a number of diflerent materials that
serve as a reservoir of 1ons when the electrochromic device
1s 1n the clear state. During an electrochromic transition
mitiated by, for example, application of an approprate
clectric potential, the anodically coloring counter electrode
layer transfers some or all of the 1ons 1t holds to the
cathodically coloring electrochromic layer, changing the
clectrochromic layer to the tinted state. Concurrently, in the
case of NiWOQO, the anodically coloring counter electrode
layer tints with the loss of 10ns.

In some embodiments, suitable anodically coloring mate-
rials for the counter electrode complementary to WO,
include nickel oxide (N10), nickel tungsten oxide (N1iWQO),
nickel vanadium oxide, nickel chromium oxide, nickel alu-
minum oxide, nickel manganese oxide, nickel magnesium
oxide, chromium oxide (Cr,0O,), manganese oxide (MnQO,),
Prussian blue. Other suitable anodically coloring materials
are Turther discussed in the following U.S. Patent Applica-
tions, each of which 1s incorporated by reference in its
entirety: U.S. Provisional Patent Application No. 61/998,
111, filed May 2, 2014, naming Pradhan, et. al. as inventors,
and U.S. Provisional Patent Application No. 61/988,107,
filed May 2, 2014, and naming Gillaspie, et. al. as inventors.

When charge 1s removed from a counter electrode 1410
made of mickel tungsten oxide (that 1s, 1ons are transported
from the counter electrode 1410 to the electrochromic layer
1406), the counter electrode layer will transition from a
transparent state to a tinted state.

In the depicted electrochromic device, between electro-
chromic layer 1406 and counter electrode layer 1410, there
1s the 1on conducting layer 1408. Ion conducting layer 1408
serves as a medium through which ions are transported (in
the manner of an electrolyte) when the electrochromic
device transitions between the clear state and the tinted state.
Preferably, 1on conducting layer 1408 1s highly conductive
to the relevant 1ons for the electrochromic and the counter
clectrode layers, but has sufliciently low electron conduc-
tivity that negligible electron transfer takes place during
normal operation. A thin ion conducting layer with high
ionic conductivity permits fast 1on conduction and hence fast
switching for high performance electrochromic devices. In
certain embodiments, the i1on conducting layer 1408 1is
inorganic and/or solid. In other embodiments, the 10n con-
ducting layer 1408 1s omitted.

Examples of suitable 1on conducting layers (for electro-
chromic devices having a distinct IC layer) include silicates,
silicon oxides, tungsten oxides, tantalum oxides, miobium
oxides, and borates. The silicon oxides include silicon-
aluminum-oxide. These materials may be doped with dii-
terent dopants, including lithium. Lithium doped silicon
oxides include lithium silicon-aluminum-oxide. In some
embodiments, the 1on conducting layer comprises a silicate-
based structure. In some embodiments, a silicon-aluminum-
oxide (S1AlO) 1s used for the 10n conducting layer 1408.
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The electrochromic device 1400 may include one or more
additional layers (not shown) such as one or more passive
layers. Passive layers used to improve certain optical prop-
erties may be included in electrochromic device 1400.
Passive layers for providing moisture or scratch resistance
may also be included in the electrochromic device 1400. For
example, the conductive layers may be treated with anti-
reflective or protective oxide or nitride layers. Other passive
layers may serve to hermetically seal the electrochromic
device 1400.

FIG. 15 1s a schematic cross-section of an electrochromic
device 1n a clear state (or transitioning to a clear state). In
accordance with specific embodiments, an electrochromic
device 1500 includes a tungsten oxide cathodically coloring
clectrochromic layer (EC) 1506 and a nickel-tungsten oxide
anodically coloring counter electrode layer (CE) 1510. The
electrochromic device 1500 also includes a substrate 1502,
conductive layer (CL) 1504, 1on conducting layer (IC) 1508,
and conductive layer (CL) 1514.

A power source 1516 i1s configured to apply a potential
and/or current to electrochromic stack 1520 through suitable
connections (for example, bus bars) to conductive layers
1504 and 1514. In some embodiments, the voltage source 1s
configured to apply a potential of about 2 V 1n order to drive
a transition of the device from one optical state to another.
The polarity of the potential as shown 1n FIG. 15 1s such that
the 10ons (lithium 1ons 1n this example) primarily reside (as
indicated by the dashed arrow) in nickel-tungsten oxide
anodically coloring counter electrode layer 1510.

FIG. 16 1s a schematic cross-section of electrochromic
device 1500 shown i FIG. 15 but in a tinted state (or
transitioning to a tinted state). In FIG. 17, the polarity of
voltage source 1516 1s reversed, so that the electrochromic
layer 1s made more negative to accept additional lithium
ions, and thereby transition to the tinted state. As indicated
by the dashed arrow, lithium 1ons are transported across the
ion conducting layer 1508 to the tungsten oxide electrochro-
mic layer 1506. The tungsten oxide electrochromic layer
1506 1s shown 1n the tinted state. The nickel-tungsten oxide
counter electrode 1510 1s also shown 1n the tinted state. As
explained, nickel-tungsten oxide becomes progressively
more opaque as it gives up (deintercalates) lithium 1ons. In
this example, there 1s a synergistic effect where the transition
to tinted states for both layers 1506 and 1510 are additive
toward reducing the amount of light transmitted through the
stack and substrate.

As described above, an electrochromic device may
include a cathodically coloring layer, often referred to as an
clectrochromic (EC) electrode layer (or more simply as an
clectrochromic layer) and an anodically coloring counter
clectrode layer, often referred to as a counter electrode (CE)
layer, separated by an 1onically conductive (IC) layer that 1s
highly conductive to 1ons and highly resistive to electrons.
As conventionally understood, the 1omically conductive
layer prevents shorting between the electrochromic layer
and the counter electrode layer. The iomically conductive
layer allows the electrochromic and counter electrodes to
hold a charge and thereby maintain their clear or tinted
states. In electrochromic devices having distinct layers, the
components form a stack which includes the 1on conducting
layer sandwiched between the electrochromic electrode
layer and the counter electrode layer. The boundaries
between these three stack components are defined by abrupt
changes 1n composition and/or microstructure. Thus, the
devices have three distinct layers with two abrupt interfaces.

In accordance with certain embodiments, the counter
clectrode and electrochromic electrodes are formed 1mme-
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diately adjacent one another, sometimes 1n direct contact,
without separately depositing an 1onically conducting layer.
In some embodiments, electrochromic devices having an
interfacial region rather than a distinct IC layer are
employed with controllers described herein. Such devices,
and methods of fabricating them, are described 1n U.S. Pat.
Nos. 8,300,298, 8,582,193, 8,764,950, 8,764,951, each of
the four patents 1s entitled “Electrochromic Devices,” each
names Zhongchun Wang et al. as inventors, and each 1s
incorporated by reference herein 1n 1its entirety.

FIG. 17 1s a schematic cross-section of an electrochromic
device 1700 1n a tinted state, where the device has an
interfacial region, 1708, which does not contain a distinct IC
layer. Voltage source 1716, conductive layers 1714 and
1704, and substrate 1702 are essentially the same as
described 1n relation to FIGS. 14 and 15. Between conduc-
tive layers 1714 and 1704 1s a region 1710, which includes
anodically coloring counter electrode layer 1710, cathodi-
cally coloring electrochromic layer 1706 and an interfacial
region, 1708, between them, rather than a distinct IC layer.
In this example, there 1s no distinct boundary between
counter electrode layer 1710 and interfacial region 1708, nor
1s there a distinct boundary between electrochromic layer
1706 and interfacial region 1708. Rather, there 1s a diffuse
transition between CE layer 1710 and interfacial region
1708, and between interfacial region 1708 and EC layer
1706.

Although the foregoing invention has been described 1n
some detaill to facilitate understanding, the described
embodiments are to be considered 1llustrative and not lim-
iting. It will be apparent to one of ordinary skill in the art that
certain changes and modifications can be practiced within
the scope of the appended claims.

What 1s claimed 1s:

1. A method of calibrating an electrochromic device to
produce an adjusted optical density at a specified tint state,
wherein the adjusted optical density has a first variance from
an mtended optical density for the specified tint state, the
method comprising:

(a) measuring one or more parameters of the electrochro-
mic device, wherein the one or more measured param-
cters correlate with an unadjusted optical density at the
specified tint state, the unadjusted optical density hav-
ing a second variance from the intended optical density,
the second variance being greater than the first vari-
ance;

(b) applying the one or more measured parameters to a
transier function to generate a calibrated drive param-
eter for the electrochromic device, wherein the transier
function was produced from a training set ol electro-
chromic devices:

(¢) configuring control logic for controlling one or more
optical transitions and/or states in the electrochromic
device, wherein the configuring comprises applying the
calibrated drive parameter; and

(d) applying the calibrated drive parameter to the elec-
trochromic device to induce the adjusted optical density
at the specified tint state 1n the electrochromic device.

2. The method of claim 1, wherein the adjusted optical
density at a specified tint state 1s within about +/-0.07 from
the baseline optical density.

3. The method of claim 1, wherein the transfer function 1s
time-variant and employs an mput variable that accounts for
the age of the device.

4. The method of claim 1, further comprising applying the
method to a plurality of electrochromic devices so that
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variation in optical density at the specified tint state of the
plurality of electrochromic devices 1s reduced to less than
about 0.1.

5. The method of claim 1, wherein one or more measured
parameters are selected from the group of parameters con-
sisting of open circuit voltage, leakage current, sheet resis-
tance, and temperature.

6. The method of claim 5, wherein the one or more
measured parameters includes temperature.

7. The method of claim 1, wherein measuring the one or
more parameters ol the electrochromic device comprises
automatically measuring the one or more parameters, with-
out direct manual user intervention.

8. The method of claim 1, wherein the transfer function
models a linear time-invariant system between one or more
input variables comprising the one or more measured param-
cters and one or more output variables comprising the
calibrated drive parameter.

9. A method of calibrating an electrochromic device to
produce an adjusted optical density at a specified tint state,
the method comprising:

(a) determining a transier function between one or more
optical device parameters and a corresponding mea-
sured optical density for a traiming set of electrochro-
mic devices;

(b) measuring the optical density of the electrochromic
device for a plurality of hold voltages at the specified
tint states ranging between clear and tinted states

(c) calculating one or more calibrated drive parameters
using the transfer function; and

(d) configuring control logic by substituting one or more
predetermined drive parameters with the one or more
calibrated drive parameters.

10. The method of claim 9, wherein, when used by the
window control logic, the one or more calibrated drive
parameters bring the optical density of the electrochromic
device to within about +/-0.07 from an intended baseline
optical density at a specified tint state.

11. The method of claim 9, further comprising applying
the method to a plurality of electrochromic devices such that
use of the one or more calibrated drive parameters at each
clectrochromic device reduces the variation 1n optical den-
sity for the plurality of electrochromic devices to less than
about 0.1 at a specified tint state.

12. The method of claim 9, wherein one or more measured
clectrical parameters are selected from the group consisting
of open circuit voltage, leakage current, and sheet resistance.

13. The method of claim 9, wherein measuring the optical
density of the electrochromic device 1s done automatically,
without direct manual user intervention.

14. The method of claim 9, wherein the transfer function
models a linear time-1nvariant system between one or more
input variables comprising the one or more measured elec-
trical parameters and one or more output variables compris-
ing the one or more calibrated drive parameters.

15. A method of calibrating an electrochromic device to
produce an adjusted optical density at a specified tint state,
the method comprising:

(a) determining a transier function between one or more
clectrical parameters and a corresponding measured
optical density of for a training set of electrochromic
devices:

(b) measuring the optical density and one or more elec-
trical parameters for a plurality of window tint condi-
tions ranging between clear and tinted states

(c) calculating one or more calibrated drive parameters
using the transter function; and



US 11,482,147 B2

65

(d) configuring control logic by substituting one or more
predetermined drive parameters with the one or more
calibrated drive parameters.

16. The method of claim 15, wherein the transfer function
1s time-variant and employs an input variable that accounts
for the age of the device.

17. The method of claim 15, wherein, when used by the
window control logic, the one or more calibrated drive
parameters bring the optical density of the electrochromic
device to within about +/-0.07 from an intended baseline
optical density at a specified tint state.

18. The method of claim 15, further comprising applying
the method to a plurality of electrochromic devices such that
use of the one or more calibrated drive parameters at each
clectrochromic device reduces the variation 1n optical den-
sity for the plurality of electrochromic devices to less than
about 0.1 at a specified tint state.

19. The method of claim 15, wherein one or more
measured electrical parameters are selected from the group
consisting ol open circuit voltage, leakage current, and sheet
resistance.

20. The method of claam 15, wherein measuring the
optical density of the electrochromic device 1s done auto-
matically, without direct manual user intervention.

21. The method of claim 15, wherein the transfer function
models a linear time-invariant system between one or more
input variables comprising the one or more measured elec-
trical parameters and one or more output variables compris-
ing the one or more calibrated drive parameters.

22. The method of claim 15, wherein the transfer function
1s time-variant and employs an input variable that accounts
for the age of the device.
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